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1CHAPTER 1. GENERAL INTRODUCTION 
 
Brassinosteroid Signaling in Arabidopsis 
By virtue of their ability of photosynthesis, green plants play a fundamental role to support 
the ecosystem on the earth. They harvest solar energy to produce carbohydrate and serve as 
the driving force of this system. Meanwhile, oxygen (O2) release and carbon dioxide (CO2) 
consumption have dramatically changed the environment of this planet, as well as species 
living on it, in the past millions of years. Therefore, understanding of plant growth and 
development is of paramount importance for protection of our food sources, maintenance of 
the environment and, eventually, human’s well-beings. 
Plant growth and development is precisely coordinated by many endogenous 
regulators, called phytohormones, which signal cells to respond to the milieu. Among those 
phytohormones are brassinosteroids (BRs), a group of polyhydroxylated steroids with more 
than 50 members identified in plants so far (1). Though BRs were originally discovered as 
growth-promoting substances from pollen (2), they exist in various plant tissues, such as 
roots, shoots, leaves, flowers and seeds (3). And their biological effects range from cell 
elongation, vasculature development, senescence and photomorphogenesis to stress 
responses (4).  Therefore, deficiency of BR biosynthesis or sensing in plants usually results 
in dwarfism, late senescence, reduced male fertility and de-etiolation in darkness (Fig 1-1B) 
(5, 6).  
Figure 1-1A shows the structure of the first identified and the most active BR, 
Brassinolide (BL) (1). BL and other BR members share the 27-carbon backbone and differ in 
the alkyl substituents attached to C-24 as well as chemical configurations of moieties, which 
dramatically affect the biological activities of those compounds (1, 7, 8). For example, 24-
epiBL harboring a single configuration change of C-24 compared to BL, is only 10% as 
active as BL (Fig 1-1A) (8). Therefore, BL is usually used as the representative of BRs in 
investigating BR biosynthesis and molecular functions.  
BL is synthesized from campesterol in vivo, through the early or late C-6 oxidation 
pathways, which are elucidated by a combination of genetic and biochemical approaches (8). 
A number of cytochrome P450 monooxygenases (CYPs) catalyze key steps in this process, 
2namely DET2 (De-Etiolated 2), DWF4 (Dwarf 4), CPD (Constitutive Photomorphogenic 
Dwarf) and BR6ox1/2 (Brassinosteroid-6-Oxidase 1/2) (8). Loss of function of any such 
genes could cause severe growth defects as seen in det2 mutants (5). Activities of those genes 
are shown to be controlled at the transcription level. For example, DWF4 expression is 
strongly correlated to BR concentration in Arabidopsis tissues and subject to negative feed-
back regulation by BR signaling (9).  
 
Despite the successful purification of BL from pollen and its strong growth-
promoting effects, little was known about the signal transduction of BRs until mid-1990s. 
Breakthrough happened when two independent groups identified mutations in the same gene, 
BRI1 (Brassinosteroid Insensitive 1), by totally different genetic screens with Arabidopsis (6, 
10). BRI1 encodes a leucine-rich repeat (LRR) receptor kinase with a single transmembrane 
domain and its loss-of-function mutation leads to a phenotype similar to that of a BR 
biosynthesis-deficient mutant det2 (Fig 1-1B)(6). The extracellular domain of BRI1 consists 
of 25 LRRs with a 70aa island domain between the 21st and 22nd LRR (6). The extracellular 
domain has been shown to bind BL directly in vivo and in vitro and the island domain 
together with the 22nd LRR constitutes the minimum binding site (11, 12). The intracellular 
part of BRI1 can be divided into a juxtamembrane region, the C-terminus and a core 
Serine/Threonine kinase, which is activated upon BR binding via auto-/trans-phosphorylation 
of Ser/Thr residues in the catalytic domain (6, 13, 14).  Phosphorylation also promotes BRI1 
to associate with another LRR receptor kinase BAK1 (Bri1-Associated Receptor Kinase) and 
disassociate from an inhibitor BKI1 (BRI1 Kinase Inhibitor 1) (15-17). Then BRI1 is fully 
Fig 1-1. Structures and functions of BRs in Arabidopsis. (A)Structures of Brassinolide (BL) and 24-
epiBL. Note that BL and 24-epiBL are chiral enantiomers at C-24. (B) Phenotypes of wide type 
Arabidopsis plant (WT), the BR insensitive mutant (bri1) and BR hyper-responsive mutant (bes1-D). 
WT                bri1                 bes1-D 
A B 
3activated and ready to convert BR engagement to downstream signaling events inside plant 
cells.  
Though the mechanism is largely unknown, BRI1 regulates and signals through a 
GSK3/SHAGGY-like kinase BIN2 (Brassinosteroid-Insensitive 2), which negatively 
regulates the BR signaling pathway as suggested by the bri1-like phenotype of gain-of-
function bin2 mutants (18). Similar to its homologs in animals, BIN2 is constitutively active 
in resting cells and phosphorylates its substrates, the BES1/BZR1-family transcription 
factors, but its activity is inhibited in the presence of BRs (18-20).  
BES1 (Bri1-EMS-Suppressor 1) and BZR1 (Brassinazole-Resistant 1) are founding 
members of the BR-responsive transcription factor family and share 88% amino acid identity 
(4). They are novel in plants, with an atypical basic Helix-Loop-Helix (bHLH) motif at N 
termini as the DNA-binding domain, which helps define target specificities. BES1 recognizes 
E-box elements (CANNTG) to activate genes involved in cell elongation while BZR1 binds 
to the BRRE element (CGTG(T/C)G) to repress BR-biosynthesis genes when BRs are 
abundant (4, 21). However, it doesn’t necessarily mean that the DNA binding activities of 
BES1 and BZR1 are distinct, because we have data showing that BES1 can also bind to the 
BRRE element. In addition, BES1 and BZR1 both have a bipartite nuclear localization signal 
(NLS), which is important for BES1/BZR1 to function in the nucleus (4, 21). The middle 
parts of BES1 and BZR1 have a PEST domain and multiple BIN2 phosphorylation sites, the 
direct targets of BIN2 kinase in the absence of BRs. BIN2 phosphorylation is the best 
characterized regulatory mechanism of BES1/BZR1, which attenuates BES1/BZR1 functions 
in several ways. It can decrease protein stability presumably by proteasome-dependent 
degradation (4, 19, 20); it recruits 14-3-3 proteins to retain BZR1 in the cytoplasm (22, 23); 
and it interferes with BES1/BZR1’s DNA-binding affinity as well (22, 24). However, in the 
presence of BRs, BIN2 activity is inhibited so that unphosphorylated BES1/BZR1 can 
accumulate in the nucleus and regulate downstream gene expression, which is further 
facilitated by the nuclear Ser/Thr phosphatase BSU1 (Bri1 Suppressor 1) (4, 20, 25). 
Surprisingly, a single proline to leucine substitution in the PEST domain (bes1-D/bzr1-D) 
leads to accumulation of both phosphorylated and unphosphorylated forms of BES1/BZR1 
4and results in constitutive BR responses (Fig 1-1B), indicating involvement of the PEST 
domain in controlling BES1/BZR1 protein stability (20). 
 
 
 
 
 
 
A 
B 
Fig1-2. A current model of BR signaling in Arabidopsis. (A) In the absence of 
BRs, BIN2 actively phosphorylates BES1 and BZR1 and inhibits their 
functions. (B) In the presence of BRs, BRI1 inactivates BIN2 so that BES1 and 
BZR1 can enter the nucleus to regulate gene expression. 
5The C-terminus of BES1 is a transactivation domain, which has been shown to 
interact with bHLH transcription factors BIMs (BES1-Interacting Myc-Like Protein). This 
interaction explains the observed synergistic effects of BES1 and BIM1 on DNA binding and 
gene activation after BR induction (4, 20). The BR signal transduction pathway is 
summarized in Figure 1-2. 
Taken together, BRs are essential regulators of plant growth in response to 
developmental and environmental cues. BRs are synthesized in various plant tissues and 
several key biosynthesis enzymes are subject to negative feed-back transcriptional control. 
BR signals are perceived by the membrane bound receptor BRI1, which inhibits an otherwise 
active kinase BIN2. This allows the BES1/BZR1 family transcription factors to accumulate 
in the nucleus and regulate downstream gene expression. 
 
Transcription Regulation in Eukaryotic Cells 
Transcription is the process in which RNA molecules are synthesized by RNA polymerases 
using DNA as template. It is the primary way to regulate gene activities, since virtually all 
genes need to be transcribed before performing any biological function. Transcription 
regulation has been found to be the common theme of many signal transduction pathways, 
which change gene expression profiles and impose profound and long-lasting effects on cells 
(4, 26-28).  
Basal level of transcription is achieved by cooperation of the RNA polymerase II (Pol 
II)/general transcription factors (GTFs) complex with core promoters of target genes (Fig 1-
3). Pol II is a 12-subunit protein complex in yeast and human and forms a clamp-like three-
dimensional structure (29, 30). The Rpb2 subunit contains the catalytic site for 
phosphodiester bond formation while the trigger loop from Rbp1 ensures transcription 
fidelity (31). Pol II relies on association with GTFs to properly locate onto gene promoters 
(32). One of those GTFs is TFIID, which consists of TBP (TATA-Box-Binding Protein) and 
TAFIIs (TBP-Associated Factors) and interacts with Pol II through another GTF TFIIB. TBP 
recognizes and binds to TATA-Box (TATAAA) at -25 ~ -30 position relative to transcription 
start sites and bends DNA to fit the Pol II surface (32). Another factor, TFIIH, melts 
11~15bp DNA with its helicase activity and positions the template strand to the Pol II cleft so 
6as to initiate transcription. TFIIH also phosphorylates the C-terminus of Rbp1 (CTD) at Ser5 
to trigger promoter clearance (33). After initiation with TFIIA, TFIIB, TFIID, TFIIE, TFIIF 
and TFIIH, Pol II transits into the elongation stage and associates with TFIIS hereafter to 
transcribe towards 3’ ends of genes.  
However, Pol II, GTPs and core promoters are not able to sponsor high level 
transcription or, more importantly, to selectively activate or repress genes to respond to 
certain cellular stimuli including hormones. This transcription flexibility and specificity is 
achieved by transcription factors and their binding sites (cis-regulatory elements) in 
promoters. 
Transcription factors are defined as proteins that bind to a specific DNA sequence in 
order to modulate transcription by the Gene Ontology (http://www.geneontology.org/). A 
typical transcription factor can be divided into two independent functional units: the DNA-
binding domain and the effector domain. The binding domain is responsible for recognizing 
and binding to cis-regulatory elements, which can be exemplified by binding of BES1 to the 
CANNTG motif (4). The effector domain can recruit GTFs and then Pol II, directly or 
through the mediator/co-activator complex, to activate gene expression, but can also interact 
with other co-factors to repress gene expression. And, interestingly, even the same 
transcription factor is capable of activating one set of genes while repressing another set, as 
demonstrated by a large number of genome-wide expression profiling experiments (21, 34). 
This effect is presumably due to recruitment of different transcription co-factors according to 
the promoter contexts (35). Like IFN-β, many gene promoters have more than one 
transcription factor binding sites and thus can accommodate several transcription factors at 
the same time (36). Those transcription factors may interact with each other and 
cooperatively bind to DNA elements as in the case of BES1 and BIMs (4). They may also 
interact with other architectural/scaffolding proteins to form a so-called enhanceosome 
complex on the promoter (35-37). Since each transcription factor may respond to certain 
signals, enhanceosome serves as a response “hub”, integrating different cellular signals and 
providing combinatorial control of gene expression in a time and/or tissue-specific manner.  
The obvious obstacle of transcribing eukaryotic genes is that DNA is wrapped around 
histones in nucleosomes and further compacted into chromatin. The organization of DNA 
7largely limits access of the transcription machinery to DNA templates and therefore represses 
transcription. On the other hand, it endows upon cells another layer of regulation over gene 
expression. Several unique strategies have been adopted by eukaryotic cells to control 
transcription, such as histone modification, chromatin remodeling, histone eviction and 
histone variant incorporation.  
 
A core nucleosome is composed of a histone octamer with two copies of H2A, H2B, 
H3 and H4 and 147bp DNA wrapping around it. Both the N-terminal tails and the globular 
domains of these core histones undergo extensive covalent modifications, such as 
acetylation, methylation, ubiquitination, ADP-ribosylation and SUMOlation of lysines, 
methylation of arginines and phosphorylation of serines (38). These modifications elicit their 
functions by several means. They may interfere with either histone-DNA interaction to 
unwind DNA from histone cores (39) or with histone-histone interaction to influence higher 
order structure formation (40). More commonly, modified histone residues can serve as 
docking sites for various protein factors to further regulate chromatin dynamics or directly 
affect basic transcription machinery. For example, methyl H3K4 can bring to promoters the 
yeast SAGA complex, which preferentially acetylates H3 and H2B and deubiquitinates H2B, 
to activate target genes (41). In contrast, trimethyl H3K4 directly attracts TFIID to the 
promoters, which then recruits Pol II and initiates transcription (42). It is widely accepted 
Fig 1-3. A model of transcription initiation in eukaryotic cells. Transcription 
factors bind to cis-DNA elements in the promoter, recruit histone modifying/ 
remodeling enzymes to alter chromatin structures so as to make DNA 
accessible to basic transcription machinery.
 
8that histone modifications in a promoter can function as a “histone code” to cooperatively 
define transcription behaviors of this gene (43, 44). Interpretation of the histone code not 
only depends on the proteins that recognize those modified residues but also other coincident 
histone modifications in the promoter. In other words, one modification is usually not 
dedicated to gene activation or repression but can virtually lead to either state according to 
other companion modifications (44). It is noteworthy that histone modification is a rather 
dynamic process. During transcription activation, early established modifications can 
promote or prevent the establishment of latter ones, which are observed as ordered histone 
modifying events as reported in IFN-β and phaseolin promoters (45, 46).  
Like transcription on naked DNA, gene expression in eukaryotic cells also starts with 
transcription factor binding to the promoter. This might be problematic too, because of the 
extensive contacts between DNA and histones. One scenario is that transcription factor 
binding sites are available to transcription factors by default, i.e., those cis-regulatory 
modules reside in relatively open chromatin regions. Several lines of evidence support this 
hypothesis. With the IFN-β promoter, researchers were able to show that transcription factor 
(NF-κB, IRFs and ATF-2/c-Jun) binding regions were depleted of nucleosome before virus 
induction by chromatin immunoprecipitation (ChIP) and DNaseI footprinting experiments 
(45).  Another group even mapped a 200bp nucleosome-free region in the immediate 
promoters of Pol II transcribed genes in yeast, which might be suitable for transcription 
factors binding (47). Recent mathematical modeling has also predicted less nucleosome 
occupancy around transcription factor binding sites (48). But it is still possible that transient, 
spontaneous unwrapping of nucleosomes enables transcription factors to bind NDA which is 
supported that transcription activator Pho4 can bind to the PHO5 promoter even before 
nucleosome disassembly (48). After binding to the promoters, transcription factors can then 
recruit chromatin modifying/remodeling enzyme to make chromatin suitable for transcription 
initiation (45).  
In summary, transcription regulation is achieved mainly by transcription factors, 
which could bind to cis-elements in promoters to regulate gene expression. They can either 
activate gene expression through recruitment of basic transcription apparatus or repress gene 
expression by interacting with other factors. In order to overcome the hindrance imposed by 
9chromatin in eukaryotic cells, transcription factors employ various strategies, including 
interacting with histone modifying enzymes or remodeling complexes, to influence the 
chromatin status (open or close) and modulate transcription conducted by Pol II (Fig 1-3). 
 
Questions Guiding the Study 
Because of the strong, BR-constitutive response phenotype of BES1 gain-of-function mutant 
(bes1-D), BES1 is recognized as the key transcription factor downstream of the BR signaling 
pathway in Arabidopsis (4, 20). Progress has been made in investigation of how BES1 
activity is regulated at the protein level (20, 23, 49). However, important questions remain to 
be answered about mechanisms by which BES1 regulates downstream gene expression (4). 
1) Although BES1 is shown to bind E-box elements (CANNTG) (4), this motif is 
widely distributed in the Arabidopsis genome, due to its degenerate nature.  More than 
22,000 genes have E-box sequences located in the -1000 ~ -1 region (50).  In contrast, only 
several hundred genes are differentially expressed in bes1-D mutants or BR-treated 
seedlings, compared to wild type plants (unpublished data). Therefore, the DNA binding 
activity of BES1 alone cannot account for the observed specificity of BES1-regulated gene 
expression.  
2) BES1 is observed to up-regulate some genes while down-regulate others. For 
example, 342 gene are activated and 296 are repressed when Arabidopsis seedlings were 
treated with BR (51). It is intriguing to know how this switch of BES1 function is achieved 
according to different promoter contexts.  
   
Thesis Organization 
To answer questions mentioned above, I investigated roles both trans-acting factors (proteins 
interacting with BES1) and cis-acting elements (DNA sequences in the promoters) in BES1-
regulated gene expression. Results will be presented in the following chapters. 
Chapter 2 details function characterization of two jumonji domain-containing proteins 
ELF6 (Early Flowering 6) and REF6 (Relative of Early Flowering 6), both of which interact 
with BES1 and modulate BR-responsive gene expression. This project was initiated by Li Li 
10
(yeast genetic screen), a former graduate student in our lab, and I performed the rest 
confirmation and characterization work. The manuscript has been accepted by PNAS. 
 Chapter 3 describes our research of global gene regulation by BES1 in Arabidopsis 
using chromatin immunoprecipitation coupled with microarray analysis (ChIP-chip).  This 
work is a collaborative effort of Lei Li (random binding site selection), Michelle Guo (gel 
shift assay) and myself. Combining microarray technology and statistic analysis, I identified 
BES1 target genes throughout the genome, characterized their promoter contexts and 
revealed a transcription regulation cascade initiated by BES1 during BR responses. 
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Abstract 
Plant steroid hormones, brassinosteroids (BRs), are of great importance for plant growth and 
development. BRs signal through a cell surface receptor kinase, BRI1, and a GSK3-like 
kinase, BIN2, to regulate BES1/BZR1 family of transcription factors, which directly bind to 
target gene promoters to activate or repress gene expression and mediate BR responses. To 
understand how BES1 regulates target gene expression, we identified two BES1-interacting 
proteins, ELF6 (Early Flowering 6) and its homolog REF6 (Relative of Early Flowering 6), 
both of which are Jumonji N/C (JmjN/C) domain-containing proteins and were previously 
found to regulate flowering time. The interactions between BES1 and ELF6/REF6 were 
confirmed by GST pull-down and BiFC (Bimolecular Fluorescence Complementation) 
experiments. Mutations in ELF6 or REF6 genes in Arabidopsis lead to BR-related 
phenotypes, including impaired cell elongation and reduced expression of BR target genes. 
Chromatin immunoprecipitation (ChIP) experiments indicated that Histone 3 Lysine 9 
(H3K9) methylation status was changed in elf6 and ref6 mutants, consistent with recent 
findings that many Jmj proteins are histone demethylases. Our results demonstrate that BES1 
recruits other transcriptional regulators such as ELF6 and REF6 to regulate target gene 
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expression and coordinate BR responses with other developmental processes such as 
flowering time control. Jmj domain-containing histone demethylases are involved in gene 
expression in many developmental processes and diseases, but how these proteins affect 
specific pathways is not well understood. Thus, our study establishes an important 
mechanism that Jmj domain proteins modulate specific gene expression by interacting with 
pathway-specific transcription factors such as BES1.   
 
Introduction 
Brassinosteroids (BRs) are plant steroid hormones with structural similarities to their animal 
counterparts. They are widely distributed in the plant kingdom, and active at very low 
concentrations. BRs are involved in multiple plant growth and development processes, such 
as cell elongation, vascular development, senescence, flowering time and stress responses (1-
3). BR-deficient or -insensitive mutants usually display dwarfism due to a defect in cell 
elongation; but these mutants also have delayed senescence, late flowering, and reduced 
fertility.   
Molecular genetic studies in the past decade have dramatically increased our 
understanding of the BR signaling pathway in the reference plant, Arabidopsis thaliana (4-6). 
Unlike animal steroid hormones, which mostly bind to nuclear receptors, BRs are perceived 
by a membrane bound receptor BRI1 (7-10). BRI1’s activity is regulated by BR binding, 
which relieves repression by its C-terminal tail and a negative regulator BKI1, while 
increasing its affinity for BAK1, its co-receptor (11-13).  
The ultimate target of BR signaling is the dephosphorylation of a family of plant-
specific transcription factors, defined by their founding members, BES1 and BZR1 (14, 15). 
In the absence of BRs, a GSK3-like kinase, BIN2, phosphorylates BES1, BZR1 and their 
homologs to negatively regulate their function (14, 16-18). BIN2 phosphorylation likely 
inhibits BES1/BZR1 function through several mechanisms, such as targeted protein 
degradation, reduced DNA binding, and retention of the protein in the cytoplasm through 
interaction with 14-3-3 proteins (18-21). In the presence of BRs, BIN2 is inhibited through 
an unknown mechanism, leading to the accumulation of dephosphorylated BES1 in the 
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nucleus, a process likely facilitated by the BSU1 phosphatase (14, 22).  Nuclear accumulated 
BES1 can then regulate target gene expression (14, 16). 
The BES1/BZR1 proteins are novel although they contain some known motifs. The 
N-terminus of BES1 contains a bipartite nuclear localization signal (NLS) and perhaps an 
atypical basic helix-loop-helix (bHLH) motif, which confers upon BES1 the ability to bind to 
E-box (CANNTG) elements to activate gene expression (16). On the other hand, BZR1 was 
found to bind to BRRE (CGTGT/CG) to repress gene expression (23). The central domain of 
BES1 has multiple BIN2 phosphorylation sites and a PEST domain. A single proline-to-
leucine substitution in the PEST domain leads to the accumulation of both 
phosphophorylated- and dephosphosphorylated-BES1 protein and, therefore, constitutive 
BR-responses (14). BES1 interacts with bHLH protein BIM1 to synergistically bind DNA 
and regulate gene expression (16). 
Despite these significant advances, little is known about the mechanisms by which 
BES1 regulates BR-target gene expression. To address this question, we performed a yeast 
genetic screen and identified two JmjN/C domain-containing proteins, ELF6 (Early 
Flowering 6) and its close homolog REF6 (Relative of Early Flowering 6), as putative BES1 
partners. ELF6 and REF6 were initially identified in a genetic screen for mutants with altered 
flowering phenotypes (24). Genetic analysis has shown that ELF6 and REF6 have opposite 
effects in the regulation of flowering time. While ELF6 is a repressor in the photoperiodic 
flowering pathway and its loss-of-function mutation causes early flowering, loss-of-function 
mutation of REF6 leads to increased expression of flowering repressor FLC and hence late 
flowering (24).  
Jmj domains are present in many transcriptional regulators implicated in chromatin 
modifications. Jmj has recently been found as a signature motif of a group of histone 
demethylases (25). Jmj family members have been shown to demethylate different methyl-
lysines (26-33) or arginines (34) on histone tails. They are implicated in diverse biological 
processes, such as macrophage-mediated inflammation response (30), posterior development 
(26), X-linked  mental retardation (28), prostate cancer (35),  rRNA expression (29) and 
androgen nuclear receptor-mediated gene expression (31). 
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In this paper, we report that ELF6 and REF6 interact with BES1 in yeast and in 
Arabidopsis. The interaction is highly specific and is dependent upon a small domain in the 
N-terminus of BES1 and the C-terminal regions of ELF6 or REF6. Mutation of either ELF6 
or REF6 in Arabidopsis causes BR- responsive phenotypes, apparently due to altered BES1 
target gene expression. We also provide some evidence that ELF6 and REF6 likely modify 
BR target gene expression by affecting histone modifications, such as H3K9 methylation, in 
chromatin associated with the target gene promoters. 
 
Materials and Methods 
Plant Materials and Growth Conditions 
Arabidopsis thaliana ecotype Columbia (Col-0) was the wild type. T-DNA insertion mutants, 
elf6 and ref6, were obtained from ABRC (Arabidopsis Biological Resource Center) and 
corresponded to lines SALK_074694 and SALK_001018 respectively. elf6 has a T-DNA 
insertion at aa (amino acid) 169, and ref6  at aa 1082, which were previously designated as 
elf6-3 and ref6-1 (24). Plants were grown in MS plates or soil under long day (16h light/ 8h 
dark) conditions at 22oC. 
Plasmid Construction 
The ELF6 coding region was amplified from Col-0 cDNA and incorporated into the 
pETMALc-H vector (Merk). BES1, and the C-terminal domains of ELF6 and REF6 were 
cloned into pGBKT7 and pGADT7 (Clontech), respectively, for expression in yeast. BES1 
and ELF6/REF6 as well as deletion mutants were cloned into pMAL-p2x (NEB) and 
pET42a(+) (Novagen) respectively for recombinant protein production.  
 For BiFC assay (36), the N (aa 1 to 174)- or C (aa 175-239)-terminus of EEYFP was 
amplified from pEEYFP-N1 (Clontech). The N-terminal part of EEYFP and ELF6 coding 
region were cloned into pCHF3 (14) to yield pXY110. C-terminus of EEYFP and then full-
length or N-terminal truncated form of BES1 with SV40 nuclear localization signal (NLS) 
(37) were cloned into pCHF3 to create pXY108 and pXY122, respectively. The omega 
translational enhancer is placed in the plant expression vectors before the fusion genes. The 
primer sequences used for cloning, genotyping and PCR are listed in Supplementary Table 
S2-2. 
18
Yeast Screen and lacZ Assays 
Clontech yeast one-hybrid system was used according to the manufacture’s manual. Four 
tandem copies of E2 sites (CACTTG) were cloned into the yeast minimal promoters 
directing lacZ (β-galactosidase) and His reporter genes, which are integrated into yeast strain 
YM4271 that has a his-trp-leu- genotype. Yeast transformed with both BES1 (with TRP 
marker) and an Arabidopsis cDNA library (with LEU marker) (38) was first screened in 
media lacking His, Trp and Leu. Positive clones were then assayed for LacZ activity using 
X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) or ONPG (ortho-nitrophenyl-b-
D-galactopyranoside).  
GST Pull-down Assay 
BES1 and BES1 fragments fused with Maltose Binding Protein (MBP) were purified with 
Amylose resin (NEB). ELF6 and REF6 fragments fused with Glutathione-S-transferase 
(GST) were purified with Glutathione beads (Sigma). GST pull-down assays were performed 
as described (14). 
Biomolecular Fluorescence Complementation (BiFC) 
Arabidopsis mesophyll protoplasts were prepared and transformed by PEG-mediated 
transfection (39). After culturing for 2 days, cells were observed under an OLYMPUS IX71 
fluorescence microscope with an EYFP filter.  
Gene Expression Analysis 
Total RNA was extracted from adult plants with TRIzol Reagent (Invitrogen) and then 
purified with RNeasy Mini Kit (Qiagen). Microarray experiments (labeling, hybridization 
and image scanning) were performed by the GeneChip Facility at Iowa State University 
(http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm). Data were analyzed by R 
with the affy package (50). Gene expression reduced by at least 33% in both biological 
replicates was considered to be significant. For reverse transcription-polymerase chain 
reaction (RT-PCR), 2.5μg total RNA was reverse-transcribed to cDNA by SuperScript II 
Reverse transcriptase (Invitrogen). Equal amount of cDNA was used for PCR reaction with 
25 to 31 cycles, which were in the linear range of amplification (data not shown). RT-PCR 
reactions were repeated for 3 times and typical results were presented.  
Chromatin Immunoprecipitation (ChIP) 
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Chromatin immunoprecipitation was performed as previously described (40). Antibodies 
against BES1 or trimethylated H3K9 (Abcam) were used to precipitate chromatin while GFP 
antibody (Molecular Probe) was used as a negative control.  The ChIP assays were repeated 
2-3 times and the typical results were presented. 
 
Results 
ELF6 and REL6 interact with BES1 in a yeast one-hybrid system 
We used a yeast one-hybrid system to identify BES1 partners. To avoid high background 
activation caused by BES1, a BES1 binding site (E2 box: CACTTG) that binds BES1 with 
moderate affinity (data not shown) was used to construct the reporters. From about 5 million 
colonies screened, several clones were able to activate reporter gene expression. One of the 
clones carried a cDNA fragment encoding the C-terminal part of ELF6 (ELF6-C, Fig 2-1A). 
To confirm the interaction between ELF6-C and BES1, we transformed GAL4AD-ELF6-C 
(or control vector) into a yeast reporter strain without or with BES1 and determined the LacZ 
activity by qualitative or quantitative assays (Fig 2-1B and C).  
While ELF6-C alone had little effect on reporter gene expression, BES1 by itself can 
activate reporter gene expression. More importantly, co-expression of BES1 and ELF6-C led 
to synergistic activation of reporter gene, suggesting that BES1 interacts with ELF6-C. 
Predicted full-length ELF6 has 1340 amino acids and is composed of three recognizable 
functional domains: JmjN, JmjC and 4 tandem C2H2-type Zinc fingers (Fig 2-1A). A close 
homolog of ELF6, REF6, has the same architecture, except for a predicted coiled-coil region 
(Fig 2-1A). Because of the high homology between ELF6 and REF6, especially at their C-
termini, we tested if REF6 also interacted with BES1. Like ELF6-C, REF6-C fused with 
GAL4AD could also synergistically activate the lacZ reporter with BES1 (Fig 2-1C). Taken 
together, these results suggest that BES1 interacts with both ELF6 and REF6 in the yeast 
system. 
 
ELF6 and REF6 interact with BES1 through specific domains 
To confirm the direct interactions between BES1 and ELF6/REF6, we fused full-length 
BES1 with MBP and ELF6-C and REF6-C with GST and performed a GST pull-down assay.  
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GST-ELF6-C or GST-REF6-C, but not GST alone, was able to pull down full-length BES1 
(Fig 2-2A), indicating that ELF6/REF6 directly interact with BES1 in vitro. 
 
To determine which domain of BES1 was required for the interaction with ELF6, we 
mapped the binding site of ELF6 on BES1 using a series of truncated BES1 and GST-ELF6-
C proteins. Deletion of the N-terminal 41 amino acids of BES1 (BES1∆N) disrupted the 
interaction between BES1 and ELF6-C or REF6-C (Fig 2-2A). The fragment containing the 
first 41 residues of BES1 was sufficient for the interaction, though the binding was much 
weaker (BES1 1-41). When we further deleted aa 21-41, the interaction was abolished (BES1 
1-20). Thus, the first 41 amino acids of BES1 were necessary and sufficient for the BES1-
EFL6/REF6 interaction, and residues 21 to 41 are important for this interaction. Interestingly, 
these residues overlap with the basic region of the bHLH domain of BES1 (underlined in Fig 
2-2A). 
Fig 2-1. ELF6 and REF6 interact with BES1 via their C-termini in yeast. (A) Schematic 
representation of the ELF6 and REF6 proteins. Functional domains were predicted by 
SMART (http://smart.embl-heidelberg.de/). (B-C) β-galactosidase activities were measured 
with X-gal in a filter-lift assay (B) or with ONPG in a liquid-culture assay (C). ELF6-
C/REF6-C (in fusion with GAL4AD) and BES1 can synergistically activate lacZ reporter 
gene expression.  Enzyme activities are normalized against control containing both 
pGADT7 and pGBKT7 and gene activation effects are calculated in the bottom of panel C. 
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We then took a similar approach to map the BES1 interaction region on ELF6-C and 
REF6-C using a fragment of BES1 containing the first 98 amino acids (BES1-N). As shown 
in Figure 2-2B, both the zinc fingers and the fragment immediately upstream of zinc fingers 
of ELF6 and REF6 contributed to the interaction with BES1. While deletion of individual 
zinc fingers weakened the interaction (Fig 2-2B, left panel), zinc fingers in both ELF6 and 
REF6 can bind BES1 (Fig 2-2B, right panel). Taking together, these results demonstrated 
that BES1 interacts with ELF6 and REF6 via specific domains in each protein. 
 
 
ELF6 interacts with BES1 in Arabidopsis  
To test whether full-length ELF6 interacts with BES1 in vivo, we constructed plasmids for 
biomolecular fluorescence complementation (BiFC). In the assay, we fused EEYFP C-
Fig 2-2. Mapping the interaction regions on BES1 and ELF6 by GST pull-down. (A) Full length 
and truncated forms of BES1 protein were used to test their interaction with GST-tagged ELF6-
C/REF6-C proteins. (B) ELF6-C/REF6-C proteins with serial deletions of zinc finger motifs 
were used for GST pull-down assay. All BES1 fragments were fused with MBP and detected 
with anti-MBP antibody in Western blots. 
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terminus downstream of BES1 (pXY108) and EEYFP N-terminus upstream of ELF6 
(pXY110) (Fig 2-3A). When both constructs were introduced to Arabidopsis protoplasts, 
strong fluorescence was observed in the nucleus (Fig 2-3B), indicating an interaction of 
BES1 and ELF6. Among the cells observed, about 10% cells showed positive signals.  
 
To determine if the observed fluorescence was truly due to an ELF6-BES1 
interaction, we deleted the ELF6/REF6-interacting domain in BES1 and tested the interaction 
again. Since the deletion also disrupts the BES1 nuclear localization signal, the NLS from 
SV40 was fused to the BES1 fragment (BES1∆N, aa 42-335, which does not interact with 
ELF6). The fusion protein indeed is localized in the nucleus when tagged with full-length 
Fig 2-3. ELF6 interacts with BES1 in Arabidopsis mesophyll protoplasts, as 
shown by BiFC. (A) Schematic representations of constructs used in this 
experiment. (B) The interaction of full-length BES1 and ELF6 leads to 
reconstruction of EYFP. Arrows indicates cells with EYFP signals. (C) No 
EYFP signal was detected when pXY122 was used in this assay. 
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EEYFP (data not shown). The NLS-BES1∆N-EYFP-C (pXY122) is co-transfected into 
protoplasts with pXY110, and no positive signal was observed (Fig 2-3C). We conclude that 
BES1 interacts with ELF6 in Arabidopsis cells. 
 
ELF6/REF6 knock-out mutants display BR-response phenotypes 
To determine the biological functions of ELF6 and REF6 in BR responses, we obtained T-
DNA insertion alleles of both ELF6 and REF6 and named them as elf6 and ref6, respectively. 
Light grown seedlings of elf6 or ref6 did not show obvious phenotypes; however adult elf6 
plants were early flowering and ref6 plants flowered late, as previously reported (24). In 
addition, adult plants of both mutants have reduced cell elongation phenotypes, characterized 
by shorter leaf petioles compared to a wild-type control (about 30% reduction) (Fig 2-4A-C).  
 
Fig 2-4. ELF6 and REF6 knock-out mutants show BR-related phenotype. (A) Wide-type (WT), 
elf6, ref6 and elf6 ref6 double mutants were grown in soil until the wild-type plants began 
bolting. (B) Leaf morphology of the mutants compared to WT. (C) Compare blade length, blade 
width and petiole length of the 6th leaves. Error bar shows standard deviation (SD). n=10 (D) 3-
week old plants of bri1-5 and bri1-5 ref6 double mutant.
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Interestingly, ref6, but not elf6, have shorter leaf blades too, suggesting that these two genes 
probably function in a tissue-specific manner.  Both mutants have similar leaf widths as the 
wild type. To determine the genetic relationship between ELF6 and REF6, we also made 
double mutant elf6 ref6, which has essentially the same phenotype as ref6 (Fig 2-4 A-C), 
suggesting that ELF6 and REF6 function in a common pathway, at least with respect to the 
cell elongation process.  
These elf6 and ref6 phenotypes are reminiscent of BR-deficient or -insensitive 
mutants. To further confirm that the observed cell elongation phenotype is related to BR 
responses, we made a ref6 and bri1-5 (a weak allele of bri1) double mutant. As shown in Fig 
2-4D, ref6 mutation could enhance bri1-5's phenotype, displaying even shorter hypocotyls, 
darker-green and more curled leaves. The result is consistent with our hypothesis that REF6 
modulates BR response.  
Since ref6 displayed a stronger cell elongation phenotype, we determined the gene 
expression profile of ref6 adult plants using Affymetrix Arabidopsis Genomic Arrays 
(ATH1). Among the 342 genes previously shown to be induced by BRs (41), we found that 
44 of them were reduced in ref6 by about 30-80% (Table S2-1). A semi-quantitative RT-PCR 
was carried out with BR-induced genes in ref6, elf6 and elf6 ref6 double mutant to confirm 
the results from the microarray experiment (Fig 2-5A). Most genes we tested (9 out of 11) 
were indeed reduced in ref6, elf6 ref6 and, to a lesser extent, in elf6, which is consistent with 
the severity of the cell elongation phenotypes. Quantitative RT-PCR studies indicated that 
the BL induction of TCH4 and ATEXLA2 genes is attenuated in elf6 ref6 double mutant (Fig 
S2-1). Taking together, these results suggest that ELF6 and REF6 are required for BR-
induced gene expression. 
 
BES1 recruits ELF6 and REF6 to regulate BR target gene expression through histone 
modifications 
Given the facts that ELF6 and REF6 can interact with BES1 and that the expression levels of 
some BR-regulated genes decrease in elf6 and ref6 mutants, we hypothesized that ELF6 and 
REF6 were recruited by BES1 to modulate the expression of some BR-target genes. We used 
the TCH4 gene as an example, which was known to be up-regulated during BR-regulated cell 
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elongation (42) and was also consistently reduced in both elf6 and ref6. By Chromatin-
immunoprecipitation (ChIP) with anti-BES1 antibody, we found that BES1 bound to two E-
box containing fragments in the TCH4 promoter, TCH4-1 (-1125/-919) and TCH4-2 (-
319/+3) (Fig 2-5C). As a negative control, there was no enrichment of Ta3, a 
retrotransposable element in Arabidopsis.  These results indicate that TCH4 is a direct target 
of BES1.  
 
Based on the conserved residues required for binding co-factors, ELF6/REF6 seem 
most closely related to the JHDM3 subfamily (Fig 2-5B). The JHDM3 family members have 
been shown to remove methyl groups from trimethyl histone 3 lysine 9 (H3K9me3) (33). If 
Fig 2-5.  ELF6 and REF6 modulate the expression of some BR-regulated genes, likely by 
affecting the histone modifications. (A) Many BR-regulated genes were down-regulated in elf6, 
ref6 and elf6 ref6 double mutants, compared to WT.  The genes tested were from BR-induced 
genes that are reduced in ref6 (Table S1) with three controls. (B) The JmjC domains of ELF6 and 
REF6 are highly homologous to those from the JHDM3D family from mouse (mm) and human 
(hs), which demethylate H3K9me3.  Key residues required for co-factor binding were conserved 
(solid triangles, residues for Fe(II) binding and, open triangles, residues for α-ketoglutarate 
binding). (C) ChIP assays with bes1-D, WT, elf6 or ref6 with indicated antibodies. The ChIP 
products were analyzed by PCR with primers from TCH4 gene promoter. αGFP was used as 
antibody control and Ta3 served as input control. The numbers under the gel panels indicate 
relative enrichment of PCR products compared to αGFP control. (D) A model for ELF6 and REF6 
function in BES1 mediated gene expression. 
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ELF6 and REF6 have same enzyme activity, we should expect elevated H3K9me3 in loss-of-
function mutants at the promoter regions of ELF6/REF6 affected genes. ChIP assays were 
then performed with anti-H3K9m3 antibody. As shown in Figure 2-5C, H3K9me3 level is 
significantly elevated at the TCH4-2 site in both elf6 and ref6 mutants (middle gel panel). 
Interestingly, at TCH4-1 site (which is further upstream from the TCH4 gene core promoter), 
there is no enrichment of H3K9me3 level compared to antibody control (Fig 2-5C, top gel 
panel). Although the Ta3 locus appears to have H3K9me3 modification, there is no change in 
H3K9me3 level between wild-type and elf6 and ref6 (Fig 2-5C, bottom gel panel). Taking 
together, our ChIP studies indicate that ELF6 and REF6 are recruited to BR target gene 
promoters by BES1 and likely modulate gene expression through histone modifications (Fig 
2-5D). 
 
Discussion 
BRs control many diverse processes throughout plant growth and development by regulating 
the expression of hundreds of genes (41). Recent studies suggest that BR signaling regulates 
the protein level, cellular distribution and/or DNA-binding activity of BES1/BZR1 family 
transcriptional factors. BES1 and BZR1 have been found to bind to E-box and BRRE 
elements to activate and repress target gene expression, respectively(16, 23). However, the 
intrinsic DNA binding activity cannot account for all the regulatory properties of BES1, since 
BES1 regulates only a small portion of the genes with predicted E-box elements in their 
promoters. The ubiquitous expression of BES1 (14) also suggests additional factors are 
required to modulate BES1 function in different tissues and developmental stages. In this 
study, we provide evidence that BES1 recruits two JmjN/C domain-containing proteins, 
ELF6 and REF6, to modulate BR-regulated gene expression. Our results therefore establish 
one mechanism by which BES1 activity is fine-tuned to regulate downstream target gene 
expression. 
  ELF6 and REF6 can function as activators of BR-regulated genes since many BR-
induced genes are down-regulated in re6 and elf6 knock-out mutants (Fig 2-5 and Table S2-
1). Many of the BR-regulated genes reduced in ref6 and/or elf6 encode xyloglucan 
endotransglucosylases/hydrolases (XTHs), extensins and pectate lyases, cell wall modifying 
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enzymes implicated in cell elongation. Reduced accumulation of these RNAs could explain 
the reduced stem elongation phenotype of elf6 and ref6. 
  How do ELF6 and REF6 influence BR-induced gene expression? Although the 
ELF6/REF6 interaction site is located within the DNA binding domain of BES1, expression 
of ELF6 and REL6 in yeast did not compromise BES1-mediated activation (Fig 2-1B and 
data not shown), indicating that the binding of ELF6 and REL6 does not affect BES1 DNA 
binding ability. One obvious scenario is that ELF6 and REF6 exert their functions through 
their JmjC domain, which has been shown to serve as the active site for a number of histone 
demethylases(43). ELF6 and REF6 are most closely related to mammalian JHDM3 
subfamily members, members of which can demethylate trimethyl H3K9 (H3K9me3) (33). 
Our ChIP data showed that H3K9me3 level is elevated in the immediate promoter region of 
TCH4 in elf6 and ref6 mutants, but not at 1kb upstream of the transcriptional start site (Fig 2-
5C), which is consistent with the observation that H3K9me3 was most concentrated in the 
promoter region adjacent to the transcription start site (44). Thus, our in vivo data is 
consistent with the idea that ELF6 and REF6 are conserved histone demethylases that target 
H3K9me3.  
  Despite of the in vivo observation, no in vitro histone demethylase activity was detected 
with either full-length or JmjC-containing fragments of ELF6 and REF6 in a well-established 
assay using various substrates (K. Gardner, X. Yu, Y. Yin and Y. Zhang, unpublished 
results). One possibility is that other proteins may be required for ELF6 and REF6 enzyme 
activity, which is different from the case in animal systems. Similarly, Arabidopsis Lysine-
Specific demethylase 1 (LSD1) was found to repress flowering repressors FLC and FWA by 
reducing H3K4 methylation levels in vivo (45), but by itself did not show in vitro 
demethylase activity while its human homolog did. It was proposed that a complex 
containing Arabidopsis LSD1 and other factors may be required for the demethylase 
activity(45). Alternatively, ELF6/REF6 may affect chromatin modification status by other 
unknown mechanisms, as in the case of yeast JmjC-containing protein Epe1 (46). 
  Although both ELF6 and REF6 mainly promote BR-induced gene expression, they 
appear to be able to repress gene expression in other pathways. For example, REF6 was 
reported to function as a transcriptional repressor of FLC (24). The effects of ELF6 and 
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REF6 on gene expression can be well explained by H3K9me3 mark. In Arabidopsis, 
H3K9me3 is distributed mostly within the euchromatin regions (47, 48). At the gene level, 
H3K9me3 shows a 5’ concentrated pattern, covering the immediate promoter region and the 
whole gene afterward (44). It is well established that the effect of a histone modification 
mark on transcription depends on both the distribution of the mark in a gene and the nearby 
companion mark(s). Since H3K9me3 keeps chromatin in a closed and inactive form, its 
existence in a promoter may result in gene repression by limiting the accessibility of the 
general transcription machinery to DNA while its existence in the coding region can actually 
promote gene expression by reducing cryptic transcription initiation and facilitating 
transcription elongation process (44). 
  Our results also expand the previously known function of ELF6 and REF6 in flowering 
time control to hormone-regulated gene expression. Microarray data show that about 9% of 
all Arabidopsis genes are reduced in ref6 (although not all of them are direct target of REF6, 
data not shown), indicating that REF6 and ELF6 might serve as coordinators for multiple 
developmental programs in plants. Our results suggest that these genes may play important 
roles in coordinating the BR signaling pathway and flowering pathway. BR-insensitive or 
deficient mutants were recently reported to enhance the phenotype of a late-flowering mutant 
(ld), which is at least in part due to higher expression of FLC in bri1 ld and cpd ld double 
mutants compared to ld single mutant (49). Though the mechanism is not known, BRs may 
affect flowering time control through the interaction between BES1 and ELF6/REF6, which 
may have important implications in coordinating growth and reproductive processes. This 
hypothesis is supported by the fact that the cell elongation phenotypes of elf6 and ref6 are 
most apparent in adult tissues when flowering occurs (Fig 2-4).  
  While ELF6 and REF6 positively regulate BR-target gene expression and BR responses, 
they appear to have opposite effects on FLC expression and flowering time control. In 
contrast to the fact that both ELF6 and REF6 interact with BES1 and promote cell elongation 
in BR-pathway, they might be recruited by different transcription factors and/or target 
distinct genes in the flowering pathway, and thus exert opposite effects on flowering time 
control. Identification of ELF6 and REF6 partners in the flowering pathway should help 
address the question. 
29
  In summary, our study establishes a new mechanism by which BES1 regulates BR-
target gene expression. Our results also reveal a mechanism by which JmjN/C family 
transcriptional regulators achieve a specific function through interactions with pathway-
specific transcription factors such as BES1. Further functional studies of the BES1 and 
ELF6/REF6 interaction should provide significant insights into the mechanisms by which 
BES1 regulates gene expression and controls BR responses during growth and development 
in changing environmental conditions.  
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Appendix: Supplementary Data 
 
Fig S2-1: BL induction of TCH4 and ATEXLA2 expression in WT and elf6ref6 double mutants. Real time RT-
PCR was carried out in 3 replicates with 6-week old wild-type or mutant plants sprayed with water or 1 μM BL 
for 2 hr. The gene expression was normalized against UbQ. The relative expression level was determined by 
comparing the expression in each condition with that in WT without BL induction. The experiment was 
repeated twice with similar results. 
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Table S2-1. BR-induced genes that are reduced in ref6 adult plants. Gene expression ratios of ref6 to WT 
are calculated within each replicate. Cutoff = 0.67. Highlighted genes are confirmed in Fig 2-5. 
ref6/WT 
ID AGI 
Replicate 1 Replicate 2 
Annotation 
265066_at AT1G03870 0.33 0.28 FLA9, fasciclin-like arabinogalactan-protein 9 
261825_at AT1G11545 0.62 0.61 Xyloglucan:xyloglucosyl transferase 
259523_at AT1G12500 0.60 0.47 Organic anion transporter 
259784_at AT1G29450 0.60 0.59 Auxin-responsive protein 
259787_at AT1G29460 0.66 0.59 Auxin-responsive protein 
259785_at AT1G29490 0.32 0.63 Auxin-responsive family protein 
245757_at AT1G35140 0.30 0.66 PHI-1, phosphate-induced 1 
259793_at AT1G64380 0.31 0.50 AP2 domain-containing transcription factor 
261975_at AT1G64640 0.56 0.44 Copper ion binding / electron transporter 
265732_at AT2G01300 0.52 0.61 Unknown protein 
266792_at AT2G02860 0.55 0.45 SUT2, sugar porter 
267260_at AT2G23130 0.52 0.26 AGP17, arabinogalactan protein 17 
265688_at AT2G24300 0.43 0.36 Calmodulin binding protein 
263931_at AT2g36220 0.67 0.55 Unknown protein 
267116_at AT2G32560 0.47 0.63 F-box family protein 
266007_at AT2G37380 0.65 0.49 Unknown protein 
259351_at AT3G05150 0.38 0.26 Carbohydrate transporter/ sugar porter 
259325_at AT3G05320 0.17 0.36 Unknown protein 
259106_at AT3G05490 0.51 0.66 RALFL22, rapid alkalinization factor-like 22 
258742_at AT3G05800 0.47 0.58 Transcription factor 
258540_at AT3G06990 0.13 0.23 DC1 domain-containing protein 
258552_at AT3G07010 0.30 0.48 Lyase/ pectate lyase 
256275_at AT3G12110 0.61 0.61 ACT11, actin 11 
258145_at AT3G18200 0.66 0.32 Unknown protein, nodulin MtN21 family protein 
256578_at AT3G28200 0.42 0.54 Peroxidase 
258003_at AT3G29030 0.52 0.64 ATEXPA5, Arabidopsis thaliana expansin-like A5 
252711_at AT3G43720 0.60 0.61 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 
251925_at AT3G54000 0.49 0.57 Unknown protein 
251330_at AT3G61550 0.32 0.52 C3HC4-type RING finger protein 
255506_at AT4G02130 0.64 0.43 Glycosyl transferase family 8 protein 
255413_at AT4G03140 0.63 0.67 Oxidoreductase, short-chain dehydrogenase/reductase (SDR) family protein 
254785_at AT4G12730 0.39 0.47 FLA2, fasciclin-like arabinogalactan-protein 2 
245334_at AT4G15800 0.36 0.60 RALFL33, rapid alkalinization factor-like 33 
254609_at AT4G18970 0.37 0.56 Carboxylic ester hydrolase/ hydrolase 
254250_at AT4G23290 0.31 0.53 Protein kinase 
252997_at AT4G38400 0.66 0.57 ATEXLA2, Arabidopsis thaliana expansin-like A2 
252965_at AT4G38860 0.64 0.46 auxin-responsive protein, putative auxin-induced protein 10A 
250936_at AT5G03120 0.61 0.54 Unknown protein 
245696_at AT5G04190 0.48 0.57 Unknown protein, related to phytochrome kinase substrate 
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Table S2-1. (continued) 
ref6/WT 
ID AGI 
Replicate 1 Replicate 2 
Annotation 
250663_at AT5G07110 0.40 0.49 Unknown protein, related to prenylated rab acceptor (PRA1) 
249750_at AT5G24570 0.56 0.52 Unknown protein 
249072_at AT5G44060 0.40 0.54 Unknown protein 
248448_at AT5G51190 0.41 0.65 AP2 domain-containing transcription factor 
247925_at AT5G57560 0.51 0.34 TCH4/XTH22 
247747_at AT5G59000 0.53 0.59 C3HC4-type RING finger protein 
 
 
Table S2-2. DNA primers used in this work 
Primer Name Sequence Usage 
At5g04240 K/O F 5' ATGGGTAATGTTGAAATTCCGAATTGGC 3' 
At5g04240 K/O R 5' GCATAATCACAAGGGACAGCGTACCAAG 3' elf6 genotyping 
At3g48340 K/O F 5' GGATGTCACATCAGGTACTATTGTCTAACC 3' 
At3g48340 K/O R 5' TTGTGTCTCTCGAACTCTGAACTGTCTTGG 3' ref6 genotyping 
JMLB1 5' GGCAATCAGCTGTTGCCCGTCTCACTGGTG 3' SALK insertion LB primer 
ELF6cDNAF-3 5'  CTGGGATCCATGGGTAATGTTGAAATTCCG  3' 
cELF6R-3 5'  GCAGTCGACCTATGTGACATAGTGCATGGTTTTAC  3' ELF6 cDNA cloning 
cELFCF 5’ CTGGGATCCATGAAGAAGCGGAAAATAGAATCAG 3’ 
ELFZnFR-1 5'  GCAGTCGACCTATGGTCGCTCTCCCGTGTGC 3’ 
ELFZnFR-2 5'  GCAGTCGACCTAGAAAGGTCTTTCATCCTTATGC 3’ 
ELFZnFR-3 5'  GCAGTCGACCTATCTCTTGTGAGTTTGTAATTTCG 3’ 
ELFZnFR-4 5'  GCAGTCGACCTAGGGGTGAGTTGTCGTGGG 3’ 
ELFZnF-F 5' CTGGGATCCAACCGTTGTTACCTAGAGG 3' 
ELF6 C-terminus 
cloning and serial 
deletion of zinc 
fingers 
REFCF 5' GCAGGATCCGGACCTAGCACACGGCTTAG 3' 
REFCR 5' GCAGTCGACTCACCTTTTGTTGGTCTTCTTAAC 3' 
REFCZnFR 5' GCAGTCGACTGCTGCACATTCCTCTTCCTC 3' 
REFZnF-F 5' GCAGGATCCTACCAATGTAACATGGAGG 3' 
REF6 C-terminus 
cloning and serial 
deletion of zinc 
fingers 
YFPnF-2 5' GCAGGTACCTTTAAGATGGTGAGCAAGGGCGAGGA 3' 
YFPnR-2 5' CAGGGATCCGCCGGCGTCCTCGATGTTGTGGCG 3' 
YFPcF-2 5'GCAGGTACCTTTAAGATGGGCAGCGTGCAGCTCGCCGA3' 
YFPcR-2 5' CAGGGATCCGCCGGCCTTGTACAGCTCGTCCATGCC 3' 
EYFP N-/C- terminal 
fragment cloning 
Omega-1 5'CAGTGTATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACTATTTACAATTACAG 3' 
Omega-2 
5'GTACCTGTAATTGTAAATAGTAATTGTAATGTTGTTTGTT
GTTTGTTGTTGTTGGTAATTGTTGTAAAAATACACTGAGCT 
3' 
Omega translational 
enhancer sequences 
AT5G57560RTF 5'  GGTTCCCTCAAGGTCTTCCTA  3' 
AT5G57560RTR 5'  AAAAGCACATTGTAACAAAGAGAATA  3' 
AT1G11545RTF 5'  AATCGGGAGATGCGACATTC  3' 
AT1G11545RTR 5'  CGTGTAGCCCAATCGTCAGC  3' 
AT3G29030RTF 5'  CTGATGTGTGTCAACGATCCTC  3' 
AT3G29030RTR 5'  GTGAACCTTATCCCACCACTTCT  3' 
AT3G07010RTF 5'  CTAAGGAGGTGACTAAGAGAGAGTAC  3' 
AT3G07010RTR 5'  CGACGAGTGAGGATGATTTG  3' 
AT1G64380RTF 5'  ACGACAACTACTACTGCGGTTAC  3' 
AT1G64380RTR 5'  GCAAGAACTTCCCAAATCAGCT  3' 
AT2G36220RTF 5'  CCTGCGGAAGCTGATGAGAA  3' 
AT2G36220RTR 5'  GGACCCCACATGTATTACACTTG  3' 
AT4G23290RTF 5'  GTGGCAAATGGACAGTTCTCA  3' 
AT4G23290RTR 5'  GGCTGGATCTACAAGTTCCAAC  3' 
RT-PCR for 
microarray data 
confirmation 
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Table S2-2. (continued) 
Primer Name Sequence Usage 
AT3G61550RTF 5'  CCCTCCTCCACCTCCTGTCC  3' 
AT3G61550RTR 5'  GATAACGCCACGGTCGCTAA  3' 
AT3G19540RTF   5' GGGGAAGAAAGAACTTAACTGG 3' 
AT3G19540RTR 5' AGTCTCAGCCTTAGATGGGTTT 3' 
AT4G18810RTF    5' GAAACTTACTAACGGAGCAACGG 3' 
AT4G18810RTR    5' CATTCTCAAGTCCAACACCATCTC 3' 
UbQRTF 5' GAGTGGATTGGCAAAGATGC 3' 
UbQRTR 5' TAGTCCAACTAACCAAACAACC 3' 
RT-PCR for 
microarray data 
confirmation 
Ta3ChIP-F 5' GATTCTTACTGTAAAGAACATGGCATTGAGAGA 3' 
Ta3ChIP-R 5' TCCAAATTTCCTGAGGTGCTTGTAACC 3' 
TCH4ChIPF-1 5’ AGAGGATTATAACCCCCGAAAT 3’ 
TCH4ChIPR-1 5’ TTTGTCCAAATGGCTAGATCCT 3’ 
TCH4ChIPF-2 5’ CGGTGGTAAAGAATCCAACTCT 3’ 
TCH4ChIPR-2 5’ GTGGTTTTTGAGGGTTTATGGA 3’ 
ChIP-PCR 
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Abstract 
 
Brassinosteroids (BRs) have been recognized as important regulators of plant growth and 
development for decades. BRs signal through a membrane-bound receptor, BRI1, and a 
GSK3-like kinase, BIN2, to control activities of the BES1/BZR1 family transcription factors, 
which directly activate or repress downstream gene expression. However, the mechanism of 
BES1/BZR1-regulated gene expression remains elusive. In this study, we conducted 
systematic identification of BES1 target genes using chromatin immunoprecipitation coupled 
with microarray analysis (ChIP-chip). Among 1609 BES1 target genes, 149 genes were 
differentially expressed in response to BRs in seedling and/or adult plants. BES1 binding 
sites were usually close to the transcription start sites and contained divergent cis-DNA 
elements in BR-induced and -repressed genes. Furthermore, BES1 binding regions were 
largely free of the trimethyl histone 3 lysine 27 (H3K27me3) modification, but were partially 
overlapping with trimethyl histone 3 lysine 9 (H3K9me3), indicating involvement of histone 
modifications in BES1-regulated transcription. BES1 target genes contributed to multiple 
aspects of BR responses, including cell elongation, BR homeostasis and cross-talks with 
other phytohormones. Gene ontology analysis revealed that transcription factors were highly 
enriched in BES1 target genes, suggesting that BES1 might initiate a hierarchical 
transcription network to mediate BR responses. Thus our results provided significant insights 
into the promoter contexts affecting BES1 function, including both DNA elements and 
histone modifications, and established for the first time a global view of BES1-regulated 
gene expression downstream of BR signaling.  
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Introduction 
Brassinosteroids (BRs) are a group of plant steroid hormones that play a fundamental role in 
orchestrating plant responses to developmental and environmental cues. They are widely 
distributed throughout the plant kingdom and among various plant tissues such as roots, 
shoots, leaves and flowers (1). BRs regulate multiple biological processes, including cell 
elongation, vasculature differentiation, photomorphogenesis, senescence and stress 
responses. Therefore, deficiency in BR biosynthesis or sensing results in severe dwarfism, 
late senescence, de-etiolation in darkness and reduced male fertility (2-4).  
Knowledge has been built up about BR signaling transduction in the past decade (5). 
BRs are perceived by a membrane-localized receptor kinase, BRI1 (Brassinosteroid 
Insensitive 1) (3), which binds BRs with a 70 amino acid island domain and a nearby 
leucine-rich repeat (LRR) motif in the extracellular domain (6, 7). Binding of BRs leads to 
activation of BRI1’s intracellular kinase domain by auto-/trans-phosphorylation within BRI1 
homodimers (8, 9), which is further facilitated by recruitment of the co-receptor BAK1 and 
release of its inhibitor BKI1 (10, 11). Fully activated BRI1 then, through an unknown 
mechanism, inhibits a downstream GSK3-like kinase BIN2, which is otherwise constantly 
active and phosphorylates the BES1/BZR1 family transcription factors to negatively regulate 
BR signaling (12). Recent studies have suggested that phosphorylation controls BES1/BZR1 
in several ways, such as targeting protein to proteasome, retaining protein at the cytoplasm 
and reducing DNA binding affinity (13-17). When BRs are present, BIN2 is inactivated and 
thus BES1/BZR1 can accumulate and enter the nucleus to regulate gene expression (12, 15, 
18).  
BES1 and BZR1 are two well-characterized transcription factors in the BR signaling 
pathway. They are novel in plant and share 88% identity at the amino acid level (15, 17). 
They both have an atypical basic helix-loop-helix (bHLH) DNA-binding motif in the N 
terminal part and have been shown to bind E-box (CANNTG) and BRRE (CGTG[T/C]G) 
elements, respectively (19, 20). The middle part of these proteins harbors multiple BIN2 
phosphorylation sites and a PEST domain, where a single proline to leucine substitution 
causes accumulation of both phosphorylated and unphosphorylated BSE1/BZR1, indicating 
an important role in controlling protein stability (15, 17).  
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In contrast to the signal transduction process, less is known about the mechanism by 
which BES1 regulates gene expression. BES1 has been shown to interact with other bHLH 
transcription factor (BIMs) to synergistically activate target genes (20) and to recruit two 
homologous jumonji domain-containing proteins (ELF6/REF6) to modulate transcription 
through histone modifications (chapter 2).  However, those facts cannot completely explain 
BES1’s versatility as both an activator and repressor or its target specificity, which we 
propose should be determined by the promoter contexts of target genes. To this end, we 
performed chromatin immunoprecipitation (ChIP) experiments coupled with high-resolution 
tiling array analysis (ChIP-chip) and, by combining gene expression profiling data, we 
identified and characterized BES1 target genes in the entire genome. 
ChIP-chip is a newly developed but very powerful approach to identify in vivo 
transcription factor target sites or histone modification-associated genomic regions in a high-
throughput manner, especially when whole-genome tiling arrays are available. With ChIP-
chip, researchers have successfully generated high-resolution maps of genome-wide 
distributions of histone modification markers (acetylation, methylation and ubiquitination) 
(21-24) and transcription factor binding sites in several species. The latter can be exemplified 
by research of transcription factors Twist, Biniou and Ladybird in Drosophila (25, 26 ), 
estrogen receptor and homeobox C6 in human cancer cells (27, 28) and HY5 in Arabidopsis 
(29). These studies have leaded to unexpected discoveries in transcription regulation and also 
provided unique sources for future research. 
In this study, we identified 1718 BES1 binding regions, corresponding to 1609 targets 
genes in the entire Arabidopsis genome. Analysis of BES1 binding sites revealed the 
functional divergence of the conserved E-box elements in BR responses. By comparing to 
histone modification maps generated by other groups (22, 30), we found that most BES1 
target genes were devoid of the H3K27me3 modification, but a significant portion of them 
associated with H3K9me3. Lastly, we showed that BES1 preferentially targeted transcription 
factors and might start a transcription cascade to regulate gene expression. Therefore, our 
results provided new insights into the mechanisms by which BES1 regulates downstream 
gene expression and mediates BR responses in Arabidopsis. 
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Materials and Methods 
Plant Materials and Growth Conditions 
Arabidopsis thaliana ecotype Columbia (Col-0) was the wild type. bes1-D is the gain-of-
function mutant described in (15). Plants were grown in MS plates or soil under long day 
(16h light/8h dark) conditions at 22oC. 
Sample Preparation for ChIP-chip 
Chromatin immunoprecipitation was performed with 14-day-old bes1-D seedlings as 
previously described (31) with minor adaptations. Briefly, plant tissues were cross-linked 
with formaldehyde and nuclei were isolated using sucrose gradients. Chromatin was 
sonicated to generate fragments with the average size of 500bp and precipitated by BES1-
specific antibody or GFP antibody (Molecular Probe) as negative control. Immunocomplexes 
were harvested by protein A beads, washed and reverse cross-linked by boiling in the 
presence of Chelex resin (Bio-Rad). The whole process was carried out for 3 biological 
replicates.  
DNA samples from ChIP were first evaluated by ChIP-PCR with known BES1 target 
sites and then sequentially went through linear and PCR amplification. Amplified DNA 
products were then fragmented and labeled with biotin using GeneChip® WT Double-
Stranded DNA Terminal Labeling Kit (Affymetrix). Hybridization to Arabidopsis Tiling 
1.0R Arrays and image scanning were done by the GeneChip Facility at Iowa State 
University (http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm). 
ChIP-chip Data Analysis 
Signal normalization and detection of BES1 positive intervals were assisted by the 
CisGenome software (http://www.biostat.jhsph.edu/~hji/cisgenome/). Signal intensities were 
computed from perfect match (PM) probes and log2-transformed before quantile 
normalization. The Moving Average (MA) method was applied to calculate test-statistics for 
each probe by combining information from probes within a 15-probe (about 500bp) window. 
Neighboring probes yielding MA-statistics equal to or larger than 3.0 were combined into 
positive intervals, in which at least 2 continuous probes should be above the threshold and at 
most 5 continuous probes were allowed to be below the threshold. Visualization of probe 
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signals and positive intervals was done with the plant IGB (Integrative Genome Browser) 
(http://www.bioviz.org/plant_igb/). 
Gene Expression Profiling 
Sample preparation is described in another manuscript (Guo et al, in preparation). Microarray 
data were analyzed by R with the affy and limma package (34, 35). Genes with the adjusted 
p-value <=0.01 were considered to be differentially expressed. 
ChIP-PCR Validation 
Primers were designed for selected intervals such that the PCR fragments covered interval 
centers. PCR reaction was carried out for two biological replicates. Primer sequences were 
described in supplementary Table S3-2.  
Bioinformatic Analysis 
Positive intervals were assigned to annotated genes if they resided in promoters and/or gene 
bodies according to TAIR7 annotation. Here the promoter was defined as the entire 5’ 
intergenic region of one gene or half of it if this gene shared this region with its 5’ 
neighboring gene. This process was accomplished with R. 
De novo motif discovery was performed with an R package cosmo with the motif 
distribution model of “ZOOPS” or “TCM” (32). Sequence logos were then generated with 
the seqLogo package (http://bioconductor.org/packages/2.1/bioc/html/seqLogo.html).  
To plot distribution of histone modification markers along chromosome 4 long arm, 
the whole chromosome region was divided into 150kb windows. Interval centers falling in 
each bin were counted and plotted with R. Stimulation study was performed as described in 
the Results section. Numbers of overlapping genes or intervals were plotted on histograms 
while kernel density estimates were computed and imposed as smooth curves. 
Gene ontology analysis was done by the GOstats package (33). 
Random Binding Site Selection 
Random binding site selection was performed essentially as in (36). Oligonucleotides with 
16bp random sequences were incubated with BES1-MBP protein immobilized to amylose 
beads. After washing, DNA was release and amplified by PCR. After 5 rounds of selection, 
harvested DNA was cloned into pBluescript and individual clones were sequenced. 
Gel Mobility Shift Assay 
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Gel mobility shift assay (GMSA) was carried out as described previously (20). 
 
Results 
Genome-wide identification of BES1 binding regions by ChIP-chip 
In order to unbiasedly map in vivo BES1 binding regions throughout the genome, we utilized 
the Arabidopsis Tiling 1.0R Array from Affymetrix, which was composed of more than 3 
million probes presenting the non-repetitive genome with averagely one probe per 35bp 
DNA. BES1-bound DNA was isolated with a BES1-specific antibody (GFP antibody as 
negative control) from bes1-D mutant seedlings, which exhibit a constitutive BR response 
phenotype. This experimental setting could allow us to maximize chances to identify BES1 
binding regions while retaining specificity of the ChIP reaction. After hybridization, 
triplicated datasets from tiling arrays were analyzed by CisGenome with the Moving Average 
(MA) option, which has been demonstrated for its high sensitivity and accuracy (37, 38). 
Positive intervals were defined as regions that contained at least 2 continuous probes above 
the statistics threshold (MA>=3) (Fig 3-1A). 
Under such stringent conditions, we identified 1718 BES1 positive intervals across 
the genome, which were distributed unevenly on all five chromosomes (Fig 3-1B). Because 
chromatin was isolated from nuclei, probes against the chloroplast and mitochondrion DNA 
could serve as a good indication of false positives during the whole process. Notably, among 
the all positive intervals, there were only 2 identified in the mitochondrion genome (ChrM, 
370kb) and none in the chloroplast genome (ChrC, 150kb), suggesting low false positive rate 
in our result. In fact, our analysis was stringent enough to introduce some false negatives.  
For example, no region in the TCH4 gene, a well characterized BES1 target gene (chapter 2), 
was considered positive due to weak signals on the tiling arrays. However, strict selection in 
this step would ensure high confidence interval detection and benefit subsequent BES1-
binding motif analysis.  
 
BES1 directly regulates many BR-responsive genes 
All chromosomal intervals were assigned to genes if they are located in gene promoters 
and/or gene bodies according to the TAIR7 annotation and thereby 1609 genes were 
42
identified as BES1 target genes, which accounted for 5.1% of the total genes in the 
Arabidopsis genome (Supplementary Table S3-1).  
 
To determine which BES1 target genes were able to respond to BRs, we compared 
our ChIP-chip data with previously published gene expression data, in which 638 genes were 
found to be either up- or down-regulated in Arabidopsis seedlings under BR treatment (39). 
29 out of 342 (8.5%) BR-induced genes and 78 out of 296 (26.4%) BR-repressed genes were 
direct BES1 targets (Fig 3-1C). Therefore, totally 107 (16.8%) seedling BR-responsive genes 
were directly regulated by BES1. The ratio (16.8%) is comparable to other studies. For 
example, the ratio of HY5 target genes that are differentially expressed in hy5 loss-of-
function mutant is 19% (29). Nonetheless, enrichment of BR-responsive genes in BES1 
targets is 3.3 fold (16.8%/5.1%) while for HY5 the enrichment was 1.6 fold (19%/12%), 
indicating the balance between discovery stringency and sensitivity. Similar results were 
Fig 3-1. Identification of BES1 target genes in the entire genome. (A) A typical positive interval 
detected by CisGenome, showing the fold changes between IP samples and negative controls 
(top), MA statistics and cutoff (middle) and the detected interval (bottom). (B) Distribution of 
positive intervals among 5 chromosomes. (C) The percentages of BES1 target genes in BR-
responsive genes. Note that there is only subtle difference between seedling and adult data. (D) 
PCR validation of BES1 target genes identified by ChIP-chip with Ta3 as control. Left, gel 
image of PCR products from negative control (α-GFP) and IP (α-BES1) samples. Middle, genes 
corresponding to BES1 positive intervals. Right, ranks of positive intervals.  
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obtained when comparing ChIP-chip data with gene expression data from adult plants with 
BR treatment (Guo et al., in preparation). The percentages of BES1 target genes in BR up- 
and down-regulated genes were 8.0% and 27.0%, respectively, which were very close to the 
results we obtained with seedling expression data (Fig 3-1C). We reasoned that if BES1 
target genes identified in this study was specific for the seedling stage, we would expect the 
ratio of BES1 targets in BR-regulated gene in adult to be significantly lower than that in 
seedlings. However, this was not the case, suggesting that BES1 could constitutively bind to 
its target sites but regulate genes expression according to different developmental stages, 
presumably depending on other transcriptional cofactors. So we pooled seedling and adult 
data together, which totaled 48 BR-induced and 101 BR-repressed BES1 target genes for 
further analysis (Fig 3-1C, Table 3-1).  
To confirm those BR-responsive genes were bone fide BES1 targets, we randomly 
selected 10 genes from the 149 gene pool and conducted ChIP-PCR to check whether BES1 
bound to positive intervals identified in ChIP-chip. Most of them (9 out 10) were actually 
validated, though their statistic ranks in CisGenome ranged from top (4) to bottom (1644) of 
the detection list, suggesting low false positive rate in our results (Fig 3-1D). 
Table 3-1. BR-responsive BES1 target genes 
AGI Annotation AGI Annotation 
AT1G01060 LHY, Late Elongated Hypocotyl, myb family transcription factor AT1G74670 unknown protein, gibberellin-responsive 
AT1G01470 LEA14, Late Embryogenesis Abundant 14 AT1G75450 CKX6, Cytokinin Oxidase 6 
AT1G01520 myb family transcription factor AT1G75750 GASA1, gibberellin-regulated protein 1 
AT1G01540 Ser/Thr protein kinase AT1G76240 unknown protein 
AT1G07090 unknown protein AT1G76500 DNA binding 
AT1G07720 acyltransferase AT1G79630 protein phosphatase 2C family protein 
AT1G13560 AAPT1, Aminoalcoholphosphotransferase 1 AT1G79700 transcription factor, involved in ovule development 
AT1G15670 unknown protein, F-box family protein AT1G80130 unknown protein 
AT1G19350 BES1 AT1G80440 unknown protein, kelch repeat-containing F-box family protein 
AT1G19770 ATPUP14, purine transporter AT2G01300 unknown protein 
AT1G20070 unknown protein AT2G01420 PIN4, Pin-Formed 4, auxin:hydrogen symporter 
AT1G20160 peptidase/ subtilase AT2G05790 hydrolase, hydrolyzing O-glycosyl compounds 
AT1G21010 unknown protein AT2G15490 UDP-glycosyltransferase 
AT1G21910 AP2 domain-containing transcription factor AT2G19780 leucine-rich repeat/extensin 
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Table 3-1. (continued) 
AGI Annotation AGI Annotation 
AT1G23080 PIN7, Pin-Formed 7, auxin:hydrogen symporter AT2G20515 unknown protein 
AT1G27210 unknown protein AT2G25200 unknown protein 
AT1G28330 DRM1, Dormancy-Associated Protein 1 AT2G28630 acyltransferase 
AT1G32900 starch synthase AT2G29390 SMO2-1, sterol C-4 methylsterol oxidase 
AT1G35350 unknown protein, EXS family AT2G30070 ATKT1, potassium ion transporter 
AT1G45688 unknown protein AT2G30520 RPT2, Root Phototropism 2 
AT1G47970 unknown protein AT2G34490 cytochrome P450 family protein (CYP710A2) 
AT1G53170 ATERF8, Ethylene-Responsive Element-Binding Factor 8, AT2G35880 unknown protein 
AT1G53510 ATMPK18, mitogen-activated protein kinase AT2G39450 cation transporter 
AT1G63050 acyltransferase AT2G41940 ZFP8, Zinc Finger Protein 8 
AT1G63090 ATPP2-A11, F-box family protein AT2G43060 bHLH transcription factor 
AT1G64040 TOPP3, serine/threonine protein phosphatase PP1 isozyme 3 AT2G44940 
AP2 domain-containing transcription factor 
TINY 
AT1G64380 AP2 domain-containing transcription factor AT2G45210 unknown protein, auxin-responsive 
AT1G66890 unknown protein AT2G45680 TCP family transcription factor 
AT1G69160 unknown protein AT2G46225 ABI1L1, expressed protein 
AT1G69410 eIF-5A AT2G46660 cytochrome P450 family protein (CYP78A6) 
AT1G69870 proton-dependent oligopeptide transporter AT3G03830 unknown protein, auxin-responsive, SAUR 
AT1G70300 KUP6, potassium ion transporter AT3G03840 unknown protein, auxin-responsive, SAUR 
AT1G71030 ATMYBL2, myb family transcription factor AT3G05320 unknown protein 
AT1G72180 leucine-rich repeat transmembrane protein kinase AT3G05500 unknown protein 
AT1G73480 catalytic/ hydrolase AT3G12320 unknown protein 
AT3G13040 myb family transcription factor AT4G37080 unknown protein 
AT3G13730 cytochrome P450 family protein CYP90D1 AT4G37240 unknown protein 
AT3G14050 RSH2, Rela-Spot Homolog 2 AT4G37540 LBD39, Lateral Organ Boundaries Domain Protein 39 
AT3G15095 unknown protein AT4G37550 formamidase/ hydrolase 
AT3G18080 hydrolase, hydrolyzing O-glycosyl compounds AT4G38860 unknown protein 
AT3G18710 ubiquitin-protein ligase AT4G39400 BRI1, Brassinosteroid Insensitive 1 
AT3G19380 ubiquitin-protein ligase AT4G39800 MI-1-P SYNTHASE, inositol-3-phosphate synthase 
AT3G19680 unknown protein AT4G39840 unknown protein 
AT3G20830 protein kinase AT5G02020 unknown protein 
AT3G23050 IAA7, Auxin Resistant 2 AT5G03630 disulfide oxidoreductase/ oxidoreductase 
AT3G26510 unknown protein AT5G04590 SIR, sulfite reductase 
AT3G26980 unknown protein AT5G05690 CPD, Cabbage 3 
AT3G28910 ATMYB30, myb family transcription factor AT5G07010 sulfotransferase, similar to steroid sulfotransferase 3 
AT3G29575 unknown protein AT5G09440 phosphate-responsive protein 
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Table 3-1. (continued) 
AGI Annotation AGI Annotation 
AT3G48360 protein binding / transcription regulator AT5G10290 leucine-rich repeat family protein kinase 
AT3G48690 catalytic AT5G11060 KNAT4, homeobox protein knotted-1 like 4 
AT3G50660 DWF4, Dwarf 4, steroid 22-alpha-hydroxylase AT5G11740 AGP15, Arabinogalactan Protein 15 
AT3G50750 BEH1 AT5G12050 unknown protein 
AT3G54690 sugar binding AT5G13400 proton-dependent oligopeptide transport (POT) family protein 
AT3G55960 unknown protein AT5G16200 unknown protein 
AT3G60690 unknown protein, auxin-responsive AT5G17860 calcium:sodium antiporter 
AT3G61460 BRH1, Brassinosteroid-Responsive RING-H2 AT5G19120 unknown protein 
AT4G01870 unknown protein AT5G20250 DIN10, Dark Inducible 10, hydrolase 
AT4G03060 AOP2, Alkenyl Hydroxalkyl Producing 2 AT5G22940 exostosin 
AT4G03400 DFL2, Dwarf In Light 2, auxin-responsive AT5G41600 unknown protein,reticulon family protein 
AT4G03510 RMA1, C3HC4-type RING finger AT5G42650 AOS, Allene Oxide Synthase 
AT4G14560 IAA1, Indoleacetic Acid-Induced Protein 1 AT5G49100 unknown protein 
AT4G17430 expressed protein AT5G51190 AP2 domain-containing transcription factor 
AT4G17460 HAT1, Homeobox-Leucine Zipper Protein 1 AT5G54510 DFL1, Dwarf In Light 1, auxin-responsive GH3 protein 
AT4G25260 enzyme inhibitor AT5G55120 unknown protein 
AT4G27260 GH3.5, auxin-responsive AT5G57785 unknown protein 
AT4G27410 RD26, NAM family transcription factor AT5G59000 C3HC4-type RING finger protein 
AT4G28240 unknown protein, wound-responsive protein-related AT5G59400 unknown protein 
AT4G30290 ATXTH19, xyloglucan:xyloglucosyl transferase AT5G62220 exostosin family protein 
AT4G31820 phototropic-responsive NPH3 family protein AT5G63790  ANAC102, NAM family transcription factor 
AT4G32290 unknown protein AT5G64250 oxidoreductase 
AT4G32870 unknown protein AT5G64260 MSJ1.10, phosphate-responsive protein 
AT4G36380 ROT3, Rotundifolia 3, oxygen binding / steroid hydroxylase AT5G65310 HB-5, Homeobox-Leucine Zipper Protein 5 
AT4G36780 BEH2 AT5G66590 unknown protein 
AT5G67360 ARA12, subtilase   
 
 
BES1 binding regions tend to be close to the transcription start sites (TSS) 
To gain a global view of the distribution of BES1 binding regions, we checked the distance 
from centers of positive intervals to the transcription start sites (TSS) of BES1 target genes. 
Though it is well-established that eukaryotic transcription factors can function over long 
distance, BES1 tended to bind to DNA sequences near the TSS (Fig 3-2A). For all positive 
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intervals, 52% of them located within the -500 ~ 1500 region relative to the TSS while for 
those in BR-regulated genes the ratio was 58% (Fig 3-2B). And in both cases, the highest 
frequencies of interval occurrence appeared just around the TSS (-500 ~ 500) (Fig 3-2A and 
B). So we conclude that BES1 tends to bind to DNA elements in the proximity of the TSS to 
regulate gene expression. 
 
 
BES1 binding motifs correlate with gene expression 
Since the E-box sequence (CANNTG) can have several subtypes due to the two degenerate 
nucleotides in the middle, we asked whether these subtypes had functional difference.  To 
answer this question, we first performed de novo motif discovery with the top 100 intervals 
ranked by CisGenome using the cosmo algorithm (32). Without giving any guiding 
information except that the motif size should be 6 to 12bp, we found a well conserved motif, 
CACGTG, in those intervals (Fig 3-3A). To see whether this motif was biologically 
meaningful, we conducted same analysis to intervals in those BR-responsive genes. 
Interestingly, results from all BR-regulated genes (Fig 3-3B) or BR down-regulated genes 
(Fig 3-3C) both contained similar CACGTG motif though more variations occurred, such as 
CACATG. It is noteworthy that the motif we discovered in BR-repressed genes also 
contained a CGTG(T/C)G element, which has been found in the promoters of feed-back 
regulated BR biosynthesis genes and can be bound by BES1’s closest homolog BZR1 (19). 
Fig 3-2. Distance from intervals centers to TSS. Histograms are computed for (A) all BES1 
positive intervals and (B) intervals in BR-responsive BES1 target genes. 
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Since BES1 can also bind to this element in vitro (unpublished data), this result suggested 
that BES1 could also target the BRRE site.  
 
However, do novo motif discovery within the BR-induced genes didn’t generate any 
such motif, which might be because of fewer intervals (48 vs 108) as well as smaller sizes 
(on average, 263bp vs 402bp) in this category compared to the BR-repressed genes. Because 
the average size of our ChIP DNA fragments was about 500bp and therefore our detected 
intervals could be anywhere within a 500bp-window surrounding the authentic BES1 binding 
motif, we extended those 48 intervals to 500bp with their centers unchanged and thereby 
identified a more diverse E-box motif CA(C/T)(T/G)TG (Fig 3-3D). It is possible that the 
CACGTG motif discovered in the pooled intervals from all BR-regulated genes might be 
derived from the predominance of this motif in BR-repressed genes. Taken together, it’s very 
likely that BES1 binds to the CACGTG motif to repress gene expression while to more 
diverse E-box elements to activate gene expression. 
Fig 3-3. Conserved motifs found by de novo motif discovery. Conservation is indicated by the y-
axis (Information content) and the larger this value is, the more conservative the nucleotide is. 
(A) Top 100 intervals detected by CisGenome. (B) Intervals in all BR-responsive genes. (C) 
Intervals in BR down-regulated genes. (D) Intervals in BR up-regulated genes. 
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BES1 has stronger binding to the CACGTG element in vitro 
The fact that the CACGTG motif was overrepresented in the top 100 detected intervals 
leaded us to ask if BES1 bound more strongly to it (Fig 3-3A). We first performed a random 
binding site selection (RBSS) assay with randomly-designed 16nt DNA oligomers (36). 
Among the 68 DNA fragments selected by BES1, CACGTG occurred 10 times, which was 
the highest occurrence frequency in our results, indicating greater binding affinity of BES1 to 
this motif (Fig 3-4A). In sharp contrast, another E-box element CATCTG was only 
discovered once (Fig 3-4A). We then tested the BES1 binding affinities to several E-box 
sequences by in vitro gel mobility shift assay (Fig 3-4B). Consistent with our ChIP-chip and 
RBSS results, BES1 bound most strongly to CACGTG compared to other E-box elements. 
 
 
BES1 targets are mostly devoid of H3K27me3 but partially overlapping with H3K9me3 
Recent studies have showed the enormous influence of histone modifications on transcription 
regulation (40).  Our previous study also demonstrated that BES1 recruited two putative 
histone modification enzymes to modulate target gene expression (chapter 2). So we 
Fig 3-4. BES1 has stronger binding to the CACGTG motif. (A) Random binding site 
selection assay (RBSS), showing the motifs and their occurrence in all selected 
fragments. (B) Gel mobility shift assay. Each lane contains unique E-box elements 
designated by the central two nucleotides on top of the gel. Arrows indicate the BES1 
dimmer binding to probes. 
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examined the epigenetic contexts surrounding BES1 binding regions, especially on 
chromosome 4 long arm (Chr4L), of which the detailed H3K9me2, H3K9me3 and 
H3K27me3 maps are available (30). We first plotted those histone modification markers as 
well as BES1 positive intervals along Chr4L at a 150kb resolution (Fig 3-5A). Because 
H3K9me3 and H3K27me3 positive intervals in this region were about ten times as many as 
BES1 positive intervals (thousands vs 166) and the distribution patterns of these intervals 
were the main features we were interested in, we magnified 10 times the number of BES1 
positive intervals in each 150kb window to make it comparable to that of histone 
modifications. As previously described, H3K9me2 was very low while H3K9me3 and 
H3K27me3 were relatively high in this euchromatic region (Fig 3-5A) (30). Interestingly, 
H3K27me3 was largely negatively correlated to BES1 binding (p=0.086) while H3K9me3 
was mainly positively correlated to BES1 binding (p=0.076) at this resolution as shown by 
the pearson correlation test (Fig 3-5A). Consistently, at the gene level, BES1 binding regions 
were often observed to associate with H3K9me3 but not H3K27me3 (Fig 3-5B).  
 
Fig 3-5. Distribution of BES1-, H3K9me3- and H3K27me3-positive intervals on 
Chr4L. (A) Distribution at 150kb resolution on the entire Chr4L. The whole region was 
divided into windows of 150kb. The number of positive intervals (y axis) was counted 
for each window and plotted according to its chromosomal position (x axis). (B) A 
zoom-in view of a small chromosomal region. From top to bottom showing is 
localization of H3K9me3, H3K27me3, BES1 and annotated genes according to TAIR7.  
50
To further investigate the differential association of BES1 binding regions to histone 
modifications, we examined how many BES1 target genes were associated with H3K27me3 
or H3K9me3 modifications on Chr4L. 4 out of 47 (8.5%) BES1 target genes having 
H3K27me3 while 18 of them (38.3%) having H3K9me3. In order to see if this correlation 
was statistically significant, we performed 100 stimulation studies by randomly taking 47 
genes in this chromosome arm and checking the number of genes associating with 
H3K27me3 or H3K9me3. Surprisingly, in only 1 out of 100 times we found no more than 4 
genes associating with H3K27me3 (p=0.01), while in 59 times we got no more than 18 gene 
associating with H3K9me3 (p=0.59). The result indicated that BES1 target genes were 
significantly devoid of H3K27me3 but partially overlapping with H3K9me3 (Fig 3-6B and 
E).  
 
This was further supported by genome-wide comparison of BES1 target genes and 
H3K27me3-associated genes. 168 out of 1609 BES1 target genes had H3K27me3 
Fig 3-6. BES1 binding regions were largely free of H3K27me3 but partially co-localized with H3K9me3. 
Stimulation study is performed to check overlapping between BES1 target genes and H3K27me3-
associate genes in the entire genome (A) and on Chr4L (B), or between BES1-positive intervals and 
H3K27me3-positive intervals on Chr4L (C). Similar study is also carried out for H3K9me3. Arrows 
indicate the number of BES1 target genes/intervals overlapping with H3K27me3 or H3K9me3. Shaded 
areas indicate the possibility to obtain equal or less overlapping with randomly picked genes/intervals, 
which are summarized in (D). 
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modification and, among 100 stimulation studies, we always got more than 168 genes 
associating with H3K27me3 (p<0.01) (Fig 3-6A).  
Because the average gene length is about 4kb in Arabidopsis, we carried out a closer 
examination of the relationship between BES1 positive intervals and H3K27me3- or 
H3K9me3-associated genomic regions on Chr4L. By extending 166 BES1 positive intervals 
to 1kb and comparing localization with H3K27me3 or H3K9me3, we found that 18 BES1 
positive intervals (10.8%) overlapped with H3K27me3-associated regions while 58 (34.9%) 
overlapped with H3K9me3. In 100 stimulation studies, we always got more than 18 intervals 
overlapping with H3K27me3 (p<0.01) and for 41 times we got less than or equal to 58 
intervals overlapping with H3K9me3 (p=0.41) (Fig 3-6C and F). These results agreed with 
those obtained from tests at the gene level. So we conclude that BES1 binding sites as well as 
BES1 target genes are largely devoid of H3K27me3 but partially associated with H3K9me3. 
This would have important implication of roles of histone modifications in BES1-regulated 
gene expression and will be discussed later. 
 
BES1 target genes are involved in multiple aspects of BR pathway  
BES1 directly targeted genes of different functional groups, including transcription factors, 
signaling molecules, enzymes, and many with unknown functions (Table 3-1, Fig 3-7). As 
expected, some BR-responsive BES1 target genes contributed to cell elongation and cellular 
growth such as cell wall modifying enzymes (ATH19 and extensin). Strikingly, BES1 
positively regulated several components of the BR signal transduction pathway, including the 
BR receptor BRI1, BES1 itself, and its homologs BEH1 and BEH2. This self-amplification 
mechanism could significantly increase the hormone response efficiency. However, BES1 
also repressed several BR biosynthesis enzymes such as CPD and DWF4, thereby attenuating 
BR responses. The self-amplification and self-attenuation effects of BR signaling seems to 
counteract with each other but it is very likely that they are exquisitely balanced and function 
at different time and/or space so as to shape BR signaling according to different 
physiological conditions.  
BES1 also tightly connects the BR pathway to other hormone responses in 
Arabidopsis. Genes involved in auxin (p=0.000), gibberellin (p=0.001), light (p=0.002), 
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abscisic acid (p=0.003) signaling were over-represented in BR-responsive BES1 target genes 
according to gene ontology analysis (Table 3-1), which was consistent with the observed 
interaction between these hormones (41). For example, it is well documented that BRs and 
auxin function cooperatively to regulate many developmental programs such as cell 
elongation (42). Our results showed that BES1 not only targeted auxin response genes such 
as SUAR-like proteins and the IAA1 transcription factor, but also auxin efflux facilitators 
(PIN4, PIN7) which control the spatial distribution of auxin and have profound effects on 
auxin action (43), suggesting one mechanism for BR-auxin crosstalk is through BES1 
regulated expression of genes involved in auxin signaling. 
 
 
BES1 initiates a hierarchical transcription network downstream of BR signaling 
The observation that only 15% differentially expressed genes under BR induction were direct 
BES1 targets suggested that a large portion of BR-responsive genes might be controlled by 
BES1-regualted genes. In fact, we found 22 transcription factors were direct targets of BES1, 
which were enriched by a factor of 2 with p<=0.001. Those transcription factors over-
represented several gene families: the ethylene response factor (ERF)/AP2 family, the myb 
family, homoebox genes and Aux/IAA genes. One of the myb transcription factors, 
AtMYB30, was found to be activated by BES1 and bind target gene promoters together with 
BES1 to control gene expression (Li et al. submitted). It is tempting to predict that other 
transcription factors identified in this study could also contribute to BR-regulated gene 
Fig 3-7. Molecular function analysis of BR-responsive BES1 target genes. The pie chart 
was drawn by the TAIR website (www.arabidopsis.org). 
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expression in some way. Therefore, BES1 appears to initiates a transcriptional cascade to 
mediate BR responses in Arabidopsis. 
 
Discussion 
Transcription regulation is pivotal for many hormones to exert their biological effects in 
plants and animals. To systematically investigate BES1-regulated transcription downstream 
of brassinosteroid signaling, we performed ChIP-chip experiments together with gene 
expression analysis to identify and characterize BES1 target genes in the entire Arabidopsis 
genome. We demonstrated that BES1 bound divergent DNA elements to activate or repress 
transcription and its binding sites were largely free of H3K27me3 modification but not 
H3K9me3. Further examination of BES1 target genes revealed that BES1 had a preference to 
target transcription factors which may in return help BES1 to mediate or modulate BR 
responses. Thus we have established a substantial framework of BES1-regulated gene 
expression in Arabidopsis. 
ChIP-chip is a very effective approach to map global transcription factor binding 
sites, because of its high resolution, high throughput and less bias compared to conventional 
PCR-based methods. By ChIP-chip with a 35bp-resolution whole genome tiling array, we 
identified 1609 BES1 target genes throughout the genome and 149 of them were 
differentially expressed in response to BR treatment (Table 3-1). The large number of BES1 
target genes is comparable to those of other transcription factors. For example, HY5 was 
found to bind 3894 genes in Arabidopsis (29) while SOX2 and NANOG targeted 1271 and 
1687 genes in human, respectively (44). The fact that only a small portion of BES1-target 
genes are observed to be differentially expressed under BR treatment can be explained by 
several factors. First, the microarray experiments we compared here only examined gene 
expression after short (2-2.5 hr) BR exposure (39), and longer treatment may reveal more 
BR-regulated genes because it has been reported that a large number of genes only respond 
to BR after prolonged exposure (39). Second, perhaps more likely, BES1 binding to 
promoters is often not sufficient to regulate gene expression and other cooperating factors are 
required for BES1 to take action. This is common for many transcription factors. A nice 
example comes from expression of the MHCII gene in human. Three transcription factors 
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(RFX, NF-Y and X2BP) always bind to the promoter but expression only takes place in B 
cells where another protein CIITA is available and physically interacts with these 
transcription factors (45, 46). So it seems that transcription factor binding potentiates gene 
expression but transcription is merely allowed when transcription factors are “activated” 
under certain developmental or environmental conditions (27, 45). Therefore, it is not 
surprising that, for all the transcription factors of which the target genes are globally 
determined, only a small portion of target genes are known to be differentially expressed 
under particular experimental settings (29, 47). 
Characterization of BES1 positive intervals in these target genes reveals interesting 
features of BES1-regulated gene expression. In contrast to the conventional thinking that 
regulatory elements are in promoters, about half of BES1 positive intervals are actually 
located in gene bodies, even several kb downstream of the transcription start sites (TSS). 
They seem to be as functional as those in promoters, because half of BR-responsive BES1 
target genes have BES1 positive intervals in gene bodies too.  In addition, BES1 tends to 
bind DNA elements in the proximity to the TSS since more than 50% of positive intervals 
fall into the -500 ~ 1500 window. Similar observations have also been made in another study 
of Arabidopsis transcription factor HY5 (29). On the contrary, only 4% of estrogen receptor 
binding sites are located in promoter-proximal regions in human cells (27). This difference 
may stem from the lack of redundant sequences in the Arabidopsis genome compared to the 
human genome.  
Another interesting finding from the study is that BES1 binding sites appear to 
correlate with BES1 functions. The CACGTG motif is very dominant in BES1 positive 
intervals in BR-repressed genes but not in BR-activated genes as indicated in de novo motif 
discovery, suggesting that BES1 generally binds to CACGTG to repress gene expression but 
to more diverse E-box elements to activate gene expression (Fig 3-3C and D). The CACGTG 
element is also identified as the conserved motif in the top 100 BES1 positive intervals and in 
vitro GMSA and RBSS assays demonstrate that BES1 has higher affinity to this element, 
suggesting the BES1 in vivo binding sites identified by our ChIP-chip experiments are most 
likely to be true BES1 targets.  
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Beside cis-DNA elements, histone modifications greatly influence the transcription 
process as well. We have recently reported that two jumonji domain-containing proteins, 
ELF6 and REF6, can interact with BES1 and modulate BES1 target gene expression, 
probably by affecting histone H3K9me3 methylation status (chapter 2). Consistently, we find 
about 40% BR-responsive BES1 target genes are associated with H3K9me3 modification in 
this study. In fact, BES1 positive intervals often reside closely to H3K9me3 (within 1kb) (Fig 
3-5 and 3-6). However, BES1 binding regions are largely free of H3K27me3, a histone 
modification that usually occurs in euchromatin (30, 48) and spans transcribed regions of 
target genes (22).  One possibility is that H3K27me3 prevents BES1 from contacting DNA, 
given that H3K27me3 has been shown to interact with LHP1, the only homolog of animal 
HP1 (heterochromatin protein 1) in Arabidopsis, to repress gene expression (30, 48). On the 
other hand, we cannot rule out the possibility that BES1 can recruit a histone modifying 
enzyme to remove H3K27me3 from nearby regions to facilitate dynamic gene regulation. In 
either case, H3K27me3 appears to play a role in BES1-regulated gene expression.  
BES1 not only regulates gene expression by itself, but also cooperates with other 
transcription factors. Among 156 positive intervals in BR-responsive genes, 36 of them 
(23.1%) also contain the binding sites of GAMYB, a myb transcription factor mediating 
gibberrellic acid (GA) signaling in barley but having three homologs in Arabidopsis, namely 
AtMYB33, AtMYB65 and AtMYB101 (49). Interestingly, GA regulates many common 
processes with brassinosteroids, such as seed germination, cell elongation, and etiolation in 
darkness (49). So it is possible that BES1 and GAMYB share some target genes and work 
together in certain conditions. Binding sites for other transcription factor, such as AtHB-1, 
are also found in BES1 positive intervals. AtHB-1 is a homeodomain leucine zipper class I 
(HD-Zip I) transcriptional activator involved in leaf development and over-expression of 
AtHB-1 was reported to cause de-etiolation in darkness, a phenotype also observed in BR-
deficient mutant det2 and BR-insensitive mutant bri1 (2, 3). So it is likely that AtHB-1 and 
BES1 cooperatively regulate expression of these genes.  
An even more sophisticated way of the transcription cooperation is that BES1 
regulate expression of some genes in BR responses through BES1-regulated transcription 
factors.  Indeed, we found that transcription factors were significantly enriched in BR-
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responsive BES1 target genes. And one of these “secondary” transcription factors, 
AtMYB30, has been shown to help BES1 regulate gene expression during BR responses. It is 
tempting to propose that other BES1-regulated transcription factors function in a similar way. 
And therefore, BES1 initiates a transcription cascade to mediate BR responses. 
In summary, our study identifies BES1 target genes in the entire genome and 
establishes for the first time a global framework of BES1-regulated gene expression 
downstream of BR signaling. We also provide detailed analysis of the DNA elements and 
histone modification in the promoters of BES1 target genes. Future investigation of the 
promoter contexts that affect BES1 function should advance our understanding of the 
mechanism of BES1-regulated gene expression in BR responses.  
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Appendix: Supplementary Data 
 
Table S3-1. All BES1 target genes in Arabidopsis thaliana 
AT1G01060 AT1G01190 AT1G01260 AT1G01310 AT1G01420 AT1G01470 AT1G01480 AT1G01520 
AT1G01540 AT1G01570 AT1G01580 AT1G01650 AT1G01720 AT1G01900 AT1G01910 AT1G02065 
AT1G02350 AT1G02400 AT1G02640 AT1G02670 AT1G02730 AT1G03030 AT1G03060 AT1G03310 
AT1G03600 AT1G03610 AT1G03800 AT1G04530 AT1G04540 AT1G04650 AT1G05060 AT1G05090 
AT1G05410 AT1G05530 AT1G05700 AT1G05710 AT1G06150 AT1G06640 AT1G06645 AT1G06670 
AT1G06923 AT1G07040 AT1G07050 AT1G07090 AT1G07240 AT1G07280 AT1G07430 AT1G07720 
AT1G07890 AT1G08630 AT1G08920 AT1G09250 AT1G09260 AT1G09350 AT1G09390 AT1G10090 
AT1G10130 AT1G10270 AT1G10460 AT1G10640 AT1G10760 AT1G10910 AT1G11630 AT1G11940 
AT1G12244 AT1G12250 AT1G12370 AT1G12420 AT1G12430 AT1G12840 AT1G12935 AT1G13250 
AT1G13560 AT1G13630 AT1G13950 AT1G14000 AT1G14010 AT1G14430 AT1G14685 AT1G14790 
AT1G14800 AT1G14880 AT1G14920 AT1G15110 AT1G15130 AT1G15220 AT1G15250 AT1G15260 
AT1G15670 AT1G15720 AT1G15750 AT1G15800 AT1G15810 AT1G16090 AT1G16130 AT1G16520 
AT1G16760 AT1G16850 AT1G17260 AT1G17275 AT1G17380 AT1G17610 AT1G17840 AT1G17990 
AT1G18080 AT1G18570 AT1G18670 AT1G19110 AT1G19180 AT1G19310 AT1G19350 AT1G19460 
AT1G19490 AT1G19770 AT1G19835 AT1G19850 AT1G19870 AT1G20010 AT1G20070 AT1G20160 
AT1G20320 AT1G20900 AT1G20980 AT1G21010 AT1G21070 AT1G21400 AT1G21590 AT1G21640 
60
 
Table S3-1. (continued) 
AT1G21700 AT1G21910 AT1G21973 AT1G22190 AT1G22335 AT1G22370 AT1G22770 AT1G22810 
AT1G22830 AT1G23000 AT1G23080 AT1G23870 AT1G23920 AT1G23930 AT1G24160 AT1G24265 
AT1G24350 AT1G24851 AT1G25540 AT1G25784 AT1G25886 AT1G26870 AT1G27050 AT1G27080 
AT1G27200 AT1G27210 AT1G27540 AT1G27560 AT1G27930 AT1G27940 AT1G28230 AT1G28330 
AT1G28360 AT1G28450 AT1G29390 AT1G29395 AT1G29980 AT1G30120 AT1G30180 AT1G30330 
AT1G30500 AT1G30940 AT1G31950 AT1G32180 AT1G32380 AT1G32710 AT1G32820 AT1G32860 
AT1G32900 AT1G33135 AT1G33580 AT1G33700 AT1G34245 AT1G34400 AT1G34460 AT1G34730 
AT1G34904 AT1G34967 AT1G35350 AT1G35405 AT1G35740 AT1G35780 AT1G35790 AT1G36120 
AT1G36130 AT1G36305 AT1G36310 AT1G36395 AT1G36400 AT1G36520 AT1G36540 AT1G36550 
AT1G36610 AT1G36720 AT1G36795 AT1G36890 AT1G36936 AT1G37057 AT1G37060 AT1G37100 
AT1G37130 AT1G37170 AT1G37200 AT1G37537 AT1G37999 AT1G38149 AT1G38158 AT1G38167 
AT1G38185 AT1G38360 AT1G38416 AT1G38440 AT1G38450 AT1G38460 AT1G39110 AT1G39590 
AT1G39670 AT1G39910 AT1G39990 AT1G40093 AT1G40095 AT1G40101 AT1G40117 AT1G40119 
AT1G40127 AT1G40129 AT1G40630 AT1G41710 AT1G41730 AT1G41770 AT1G41775 AT1G41797 
AT1G41896 AT1G42060 AT1G42140 AT1G42320 AT1G42360 AT1G42393 AT1G42605 AT1G42695 
AT1G42780 AT1G43250 AT1G43444 AT1G43725 AT1G43730 AT1G43745 AT1G43755 AT1G44510 
AT1G44840 AT1G45070 AT1G45150 AT1G45688 AT1G46552 AT1G47860 AT1G47970 AT1G48380 
AT1G48390 AT1G48405 AT1G48680 AT1G48830 AT1G48840 AT1G49070 AT1G49330 AT1G49500 
AT1G50000 AT1G50010 AT1G50290 AT1G50810 AT1G51170 AT1G51810 AT1G53170 AT1G53510 
AT1G53580 AT1G53690 AT1G54100 AT1G54110 AT1G54130 AT1G54210 AT1G55360 AT1G56210 
AT1G56420 AT1G56540 AT1G56590 AT1G57600 AT1G57640 AT1G57830 AT1G58050 AT1G59970 
AT1G60075 AT1G60095 AT1G60190 AT1G61100 AT1G61460 AT1G61970 AT1G62085 AT1G62370 
AT1G62380 AT1G62520 AT1G62950 AT1G63050 AT1G63090 AT1G63710 AT1G64040 AT1G64060 
AT1G64140 AT1G64150 AT1G64380 AT1G64390 AT1G64450 AT1G65180 AT1G66170 AT1G66430 
AT1G66725 AT1G66890 AT1G67140 AT1G67300 AT1G67360 AT1G67365 AT1G67900 AT1G68110 
AT1G68440 AT1G68620 AT1G68875 AT1G69150 AT1G69160 AT1G69260 AT1G69330 AT1G69340 
AT1G69410 AT1G69570 AT1G69850 AT1G69870 AT1G69910 AT1G70090 AT1G70210 AT1G70270 
AT1G70300 AT1G70370 AT1G70490 AT1G70540 AT1G70590 AT1G70950 AT1G71030 AT1G71080 
AT1G71400 AT1G71870 AT1G71880 AT1G71920 AT1G72020 AT1G72100 AT1G72180 AT1G72250 
AT1G72450 AT1G72510 AT1G72560 AT1G72645 AT1G72650 AT1G72810 AT1G73170 AT1G73470 
AT1G73480 AT1G73880 AT1G74330 AT1G74670 AT1G75180 AT1G75450 AT1G75750 AT1G75810 
AT1G76240 AT1G76500 AT1G76580 AT1G77060 AT1G77095 AT1G77450 AT1G78170 AT1G78460 
AT1G78700 AT1G78790 AT1G78980 AT1G79110 AT1G79120 AT1G79630 AT1G79700 AT1G80130 
AT1G80440 AT1G80460 AT1G80530 AT1G80610 AT1G80620 AT1G80870 AT2G01022 AT2G01034 
AT2G01300 AT2G01420 AT2G02810 AT2G04270 AT2G04990 AT2G05110 AT2G05185 AT2G05240 
AT2G05490 AT2G05567 AT2G05790 AT2G05960 AT2G06160 AT2G06290 AT2G06330 AT2G06490 
AT2G06760 AT2G06860 AT2G06885 AT2G07010 AT2G07120 AT2G07380 AT2G07410 AT2G07440 
AT2G07450 AT2G07650 AT2G07660 AT2G07697 AT2G07699 AT2G07730 AT2G07750 AT2G07770 
AT2G07772 AT2G07780 AT2G07789 AT2G09187 AT2G09880 AT2G09890 AT2G09910 AT2G09950 
AT2G10140 AT2G10160 AT2G10170 AT2G10190 AT2G10200 AT2G10232 AT2G10250 AT2G10280 
AT2G10300 AT2G10320 AT2G10400 AT2G10490 AT2G10600 AT2G10660 AT2G10690 AT2G10730 
AT2G10880 AT2G11060 AT2G11070 AT2G11230 AT2G11290 AT2G11310 AT2G11430 AT2G11507 
AT2G11520 AT2G11620 AT2G11630 AT2G11660 AT2G11680 AT2G11750 AT2G11770 AT2G11790 
AT2G12020 AT2G12462 AT2G12500 AT2G12510 AT2G12720 AT2G12760 AT2G12800 AT2G12930 
AT2G12970 AT2G13000 AT2G13040 AT2G13060 AT2G13150 AT2G13850 AT2G13890 AT2G14210 
AT2G14230 AT2G14240 AT2G14850 AT2G14970 AT2G15390 AT2G15480 AT2G15490 AT2G15920 
AT2G16640 AT2G16670 AT2G16720 AT2G16870 AT2G16930 AT2G17350 AT2G17360 AT2G17740 
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Table S3-1. (continued) 
AT2G17790 AT2G17830 AT2G17870 AT2G18090 AT2G18960 AT2G19150 AT2G19180 AT2G19200 
AT2G19780 AT2G20350 AT2G20370 AT2G20480 AT2G20490 AT2G20515 AT2G20780 AT2G20980 
AT2G21210 AT2G21465 AT2G22010 AT2G22330 AT2G22590 AT2G22805 AT2G22990 AT2G23060 
AT2G23100 AT2G23430 AT2G23460 AT2G24480 AT2G24570 AT2G24915 AT2G24930 AT2G25090 
AT2G25200 AT2G26200 AT2G27500 AT2G27630 AT2G28130 AT2G28400 AT2G28470 AT2G28630 
AT2G29050 AT2G29080 AT2G29210 AT2G29280 AT2G29390 AT2G29400 AT2G29500 AT2G29510 
AT2G29560 AT2G29570 AT2G29650 AT2G29660 AT2G30070 AT2G30520 AT2G30530 AT2G30650 
AT2G31005 AT2G31880 AT2G31920 AT2G32930 AT2G33020 AT2G33847 AT2G34190 AT2G34480 
AT2G34490 AT2G34500 AT2G34640 AT2G34710 AT2G34820 AT2G35000 AT2G35620 AT2G35880 
AT2G35950 AT2G36790 AT2G36792 AT2G36850 AT2G37170 AT2G37180 AT2G37440 AT2G37600 
AT2G38040 AT2G38050 AT2G38210 AT2G38440 AT2G38820 AT2G39200 AT2G39450 AT2G39620 
AT2G39705 AT2G39710 AT2G39810 AT2G39860 AT2G40130 AT2G41290 AT2G41420 AT2G41500 
AT2G41710 AT2G41870 AT2G41900 AT2G41940 AT2G42300 AT2G42620 AT2G42890 AT2G43060 
AT2G44130 AT2G44140 AT2G44150 AT2G44660 AT2G44910 AT2G44920 AT2G44940 AT2G45030 
AT2G45210 AT2G45230 AT2G45310 AT2G45360 AT2G45380 AT2G45430 AT2G45490 AT2G45600 
AT2G45680 AT2G45720 AT2G45830 AT2G45880 AT2G45950 AT2G46060 AT2G46210 AT2G46225 
AT2G46270 AT2G46310 AT2G46380 AT2G46510 AT2G46520 AT2G46660 AT2G46730 AT2G46950 
AT2G46970 AT2G47000 AT2G47230 AT2G47330 AT2G47650 AT2G47980 AT2G48050 AT3G01160 
AT3G01460 AT3G01820 AT3G01830 AT3G02550 AT3G03310 AT3G03320 AT3G03620 AT3G03830 
AT3G03840 AT3G04290 AT3G04360 AT3G04460 AT3G04605 AT3G05320 AT3G05415 AT3G05500 
AT3G05600 AT3G05640 AT3G05660 AT3G05670 AT3G05810 AT3G06080 AT3G06300 AT3G06433 
AT3G06500 AT3G06760 AT3G07320 AT3G07350 AT3G07360 AT3G07460 AT3G08020 AT3G08030 
AT3G09560 AT3G09570 AT3G09590 AT3G10100 AT3G10113 AT3G10330 AT3G10720 AT3G11130 
AT3G11150 AT3G11350 AT3G11680 AT3G11690 AT3G11770 AT3G12120 AT3G12280 AT3G12290 
AT3G12300 AT3G12320 AT3G12560 AT3G13040 AT3G13062 AT3G13065 AT3G13220 AT3G13380 
AT3G13430 AT3G13560 AT3G13640 AT3G13730 AT3G13880 AT3G13970 AT3G13990 AT3G14050 
AT3G14067 AT3G14180 AT3G14200 AT3G14430 AT3G14440 AT3G14730 AT3G14770 AT3G15095 
AT3G15140 AT3G15160 AT3G15220 AT3G15350 AT3G15460 AT3G15570 AT3G16050 AT3G16610 
AT3G16630 AT3G16830 AT3G17100 AT3G17360 AT3G17640 AT3G18040 AT3G18080 AT3G18524 
AT3G18710 AT3G19000 AT3G19050 AT3G19380 AT3G19390 AT3G19430 AT3G19590 AT3G19680 
AT3G19895 AT3G20420 AT3G20820 AT3G20830 AT3G21050 AT3G21070 AT3G21090 AT3G21100 
AT3G21210 AT3G21230 AT3G21270 AT3G21320 AT3G21660 AT3G21670 AT3G21750 AT3G21790 
AT3G21820 AT3G21865 AT3G21870 AT3G22380 AT3G22690 AT3G22790 AT3G23040 AT3G23050 
AT3G23085 AT3G23250 AT3G23400 AT3G23890 AT3G23990 AT3G24220 AT3G24570 AT3G24810 
AT3G25450 AT3G25717 AT3G25780 AT3G25920 AT3G26510 AT3G26810 AT3G26980 AT3G27210 
AT3G27260 AT3G28050 AT3G28240 AT3G28380 AT3G28910 AT3G29480 AT3G29575 AT3G29615 
AT3G29641 AT3G29725 AT3G30170 AT3G30212 AT3G30413 AT3G30416 AT3G30418 AT3G30695 
AT3G30718 AT3G30780 AT3G30790 AT3G30825 AT3G30844 AT3G31355 AT3G31356 AT3G31530 
AT3G31630 AT3G31970 AT3G32000 AT3G32010 AT3G32060 AT3G32116 AT3G32205 AT3G32210 
AT3G32223 AT3G32230 AT3G32250 AT3G32475 AT3G32880 AT3G32890 AT3G32912 AT3G32970 
AT3G33006 AT3G33066 AT3G33071 AT3G33072 AT3G33091 AT3G33100 AT3G33124 AT3G33127 
AT3G33130 AT3G33189 AT3G33570 AT3G33572 AT3G35003 AT3G37820 AT3G38525 AT3G39230 
AT3G42130 AT3G42190 AT3G42236 AT3G42256 AT3G42313 AT3G42445 AT3G42473 AT3G42478 
AT3G42670 AT3G42716 AT3G42717 AT3G42718 AT3G42730 AT3G42993 AT3G43080 AT3G43152 
AT3G43154 AT3G43156 AT3G43157 AT3G43210 AT3G43352 AT3G43864 AT3G44410 AT3G44420 
AT3G44620 AT3G44796 AT3G45040 AT3G45170 AT3G45190 AT3G45330 AT3G45350 AT3G45370 
AT3G45420 AT3G45555 AT3G45790 AT3G45840 AT3G46540 AT3G47230 AT3G47660 AT3G47790 
62
 
Table S3-1. (continued) 
AT3G47830 AT3G47840 AT3G48110 AT3G48120 AT3G48240 AT3G48360 AT3G48620 AT3G48690 
AT3G49570 AT3G49790 AT3G49970 AT3G49980 AT3G50060 AT3G50450 AT3G50660 AT3G50750 
AT3G50800 AT3G50870 AT3G51240 AT3G51250 AT3G51370 AT3G51400 AT3G51480 AT3G51860 
AT3G51880 AT3G52150 AT3G52930 AT3G53420 AT3G53480 AT3G53850 AT3G53990 AT3G54030 
AT3G54460 AT3G54690 AT3G54700 AT3G54900 AT3G55650 AT3G55950 AT3G55960 AT3G56080 
AT3G56090 AT3G56360 AT3G56690 AT3G57400 AT3G57540 AT3G57620 AT3G57800 AT3G57990 
AT3G58520 AT3G58850 AT3G58930 AT3G59060 AT3G59660 AT3G59923 AT3G59926 AT3G59990 
AT3G60100 AT3G60170 AT3G60400 AT3G60520 AT3G60550 AT3G60680 AT3G60690 AT3G60935 
AT3G60970 AT3G61320 AT3G61420 AT3G61460 AT3G61470 AT3G61880 AT3G62080 AT3G62200 
AT3G62390 AT3G62400 AT3G62480 AT3G62650 AT3G62830 AT3G62980 AT3G63060 AT3G63070 
AT3G63360 AT3G63370 AT3G66652 AT4G00140 AT4G00150 AT4G00350 AT4G00380 AT4G00440 
AT4G00585 AT4G00640 AT4G00680 AT4G00730 AT4G00820 AT4G01026 AT4G01080 AT4G01110 
AT4G01200 AT4G01220 AT4G01245 AT4G01390 AT4G01530 AT4G01690 AT4G01870 AT4G01880 
AT4G02110 AT4G02360 AT4G02650 AT4G02660 AT4G02900 AT4G03060 AT4G03115 AT4G03300 
AT4G03400 AT4G03410 AT4G03510 AT4G03650 AT4G03790 AT4G03840 AT4G03850 AT4G03860 
AT4G03873 AT4G03965 AT4G03981 AT4G04020 AT4G04050 AT4G04155 AT4G04157 AT4G04290 
AT4G04545 AT4G05105 AT4G05190 AT4G05556 AT4G05560 AT4G05586 AT4G05591 AT4G05595 
AT4G05610 AT4G05613 AT4G06480 AT4G06482 AT4G06488 AT4G06495 AT4G06496 AT4G06500 
AT4G06506 AT4G06516 AT4G06517 AT4G06527 AT4G06529 AT4G06532 AT4G06550 AT4G06562 
AT4G06563 AT4G06573 AT4G06574 AT4G06576 AT4G06578 AT4G06581 AT4G06584 AT4G06585 
AT4G06587 AT4G06591 AT4G06602 AT4G06604 AT4G06605 AT4G06606 AT4G06640 AT4G06650 
AT4G06656 AT4G06674 AT4G06720 AT4G06726 AT4G06752 AT4G07339 AT4G07355 AT4G07360 
AT4G07456 AT4G07460 AT4G07490 AT4G07491 AT4G07492 AT4G07517 AT4G07528 AT4G07560 
AT4G07580 AT4G07620 AT4G07640 AT4G07660 AT4G07666 AT4G07733 AT4G07738 AT4G07780 
AT4G07840 AT4G07856 AT4G07874 AT4G07896 AT4G07941 AT4G07947 AT4G07967 AT4G08000 
AT4G08016 AT4G08080 AT4G08091 AT4G08096 AT4G08111 AT4G08138 AT4G08210 AT4G08230 
AT4G08400 AT4G08430 AT4G08490 AT4G08610 AT4G08710 AT4G08960 AT4G09150 AT4G09200 
AT4G09205 AT4G09965 AT4G09970 AT4G10570 AT4G12290 AT4G13110 AT4G14120 AT4G14410 
AT4G14490 AT4G14500 AT4G14560 AT4G15140 AT4G15215 AT4G15260 AT4G15415 AT4G15440 
AT4G15730 AT4G15955 AT4G16490 AT4G16500 AT4G16590 AT4G16640 AT4G16770 AT4G16780 
AT4G17098 AT4G17420 AT4G17430 AT4G17450 AT4G17460 AT4G17500 AT4G17615 AT4G17940 
AT4G18050 AT4G18220 AT4G18440 AT4G18600 AT4G18950 AT4G19170 AT4G20180 AT4G20690 
AT4G20770 AT4G20870 AT4G20880 AT4G20960 AT4G21300 AT4G21350 AT4G21360 AT4G21605 
AT4G21720 AT4G21810 AT4G21930 AT4G21960 AT4G22240 AT4G22545 AT4G22560 AT4G22570 
AT4G22590 AT4G23000 AT4G23060 AT4G23460 AT4G23470 AT4G24040 AT4G24060 AT4G24240 
AT4G24350 AT4G24830 AT4G24972 AT4G25260 AT4G25390 AT4G25470 AT4G25490 AT4G25500 
AT4G25570 AT4G25620 AT4G26210 AT4G26540 AT4G26630 AT4G26700 AT4G27050 AT4G27200 
AT4G27260 AT4G27300 AT4G27410 AT4G27415 AT4G27500 AT4G27510 AT4G28240 AT4G28250 
AT4G28290 AT4G28540 AT4G28660 AT4G29090 AT4G29190 AT4G29430 AT4G30000 AT4G30150 
AT4G30290 AT4G30490 AT4G30500 AT4G30550 AT4G30770 AT4G30780 AT4G30920 AT4G30940 
AT4G30950 AT4G30960 AT4G31210 AT4G31390 AT4G31500 AT4G31820 AT4G32215 AT4G32272 
AT4G32290 AT4G32500 AT4G32870 AT4G32920 AT4G32930 AT4G33320 AT4G33360 AT4G33430 
AT4G33565 AT4G33666 AT4G33800 AT4G34080 AT4G34090 AT4G34110 AT4G34410 AT4G34480 
AT4G34530 AT4G35000 AT4G35010 AT4G35100 AT4G35110 AT4G35850 AT4G36030 AT4G36170 
AT4G36220 AT4G36380 AT4G36650 AT4G36780 AT4G36800 AT4G37070 AT4G37080 AT4G37100 
AT4G37230 AT4G37240 AT4G37250 AT4G37320 AT4G37420 AT4G37430 AT4G37432 AT4G37470 
AT4G37540 AT4G37550 AT4G37690 AT4G38860 AT4G38900 AT4G38910 AT4G38920 AT4G39040 
63
 
Table S3-1. (continued) 
AT4G39400 AT4G39403 AT4G39800 AT4G39840 AT4G40042 AT5G01225 AT5G01260 AT5G01630 
AT5G02010 AT5G02020 AT5G02190 AT5G02200 AT5G02490 AT5G02730 AT5G02920 AT5G03070 
AT5G03080 AT5G03140 AT5G03210 AT5G03415 AT5G03630 AT5G03720 AT5G03750 AT5G03980 
AT5G04200 AT5G04470 AT5G04520 AT5G04590 AT5G04770 AT5G05440 AT5G05450 AT5G05690 
AT5G05870 AT5G06090 AT5G06550 AT5G06620 AT5G06640 AT5G06670 AT5G06980 AT5G07010 
AT5G07280 AT5G07380 AT5G07580 AT5G08139 AT5G08170 AT5G08280 AT5G08310 AT5G08510 
AT5G08790 AT5G09440 AT5G09460 AT5G09810 AT5G10070 AT5G10290 AT5G10820 AT5G11060 
AT5G11620 AT5G11700 AT5G11740 AT5G12050 AT5G12930 AT5G12980 AT5G13080 AT5G13100 
AT5G13400 AT5G13550 AT5G13630 AT5G13700 AT5G13710 AT5G13730 AT5G13750 AT5G13760 
AT5G13840 AT5G14800 AT5G14840 AT5G15310 AT5G15330 AT5G15360 AT5G15410 AT5G15750 
AT5G15820 AT5G15980 AT5G16030 AT5G16200 AT5G16300 AT5G16370 AT5G16375 AT5G16380 
AT5G16750 AT5G16760 AT5G17165 AT5G17800 AT5G17860 AT5G17980 AT5G18050 AT5G18080 
AT5G18360 AT5G18560 AT5G18590 AT5G19060 AT5G19120 AT5G19165 AT5G19770 AT5G19780 
AT5G19930 AT5G19970 AT5G20180 AT5G20190 AT5G20250 AT5G20960 AT5G21482 AT5G21940 
AT5G22730 AT5G22740 AT5G22780 AT5G22940 AT5G23280 AT5G23730 AT5G23955 AT5G23990 
AT5G24250 AT5G24470 AT5G24530 AT5G24770 AT5G25100 AT5G25510 AT5G26236 AT5G26980 
AT5G27030 AT5G27060 AT5G27240 AT5G27930 AT5G27965 AT5G28053 AT5G28232 AT5G28235 
AT5G28600 AT5G28650 AT5G28845 AT5G28894 AT5G28930 AT5G29022 AT5G29043 AT5G29056 
AT5G29060 AT5G29070 AT5G29337 AT5G29380 AT5G29565 AT5G29571 AT5G29975 AT5G30276 
AT5G30406 AT5G30428 AT5G30460 AT5G30673 AT5G31087 AT5G31662 AT5G31855 AT5G31980 
AT5G32053 AT5G32197 AT5G32280 AT5G32404 AT5G32495 AT5G32516 AT5G32518 AT5G32525 
AT5G32593 AT5G32595 AT5G32623 AT5G33050 AT5G33150 AT5G33202 AT5G33204 AT5G33250 
AT5G33252 AT5G33256 AT5G33355 AT5G33381 AT5G33383 AT5G33389 AT5G33391 AT5G33420 
AT5G33434 AT5G33990 AT5G34623 AT5G34686 AT5G34834 AT5G34836 AT5G34841 AT5G34842 
AT5G34844 AT5G34849 AT5G34851 AT5G34865 AT5G34867 AT5G35025 AT5G35052 AT5G35057 
AT5G35113 AT5G35150 AT5G35320 AT5G35407 AT5G35615 AT5G37210 AT5G37390 AT5G37460 
AT5G37540 AT5G37550 AT5G37790 AT5G37875 AT5G38705 AT5G38740 AT5G38750 AT5G40340 
AT5G40395 AT5G40405 AT5G40790 AT5G41170 AT5G41600 AT5G42400 AT5G42490 AT5G42650 
AT5G43330 AT5G43410 AT5G43440 AT5G44410 AT5G44440 AT5G44510 AT5G45573 AT5G45580 
AT5G45590 AT5G45990 AT5G46170 AT5G47370 AT5G47760 AT5G48030 AT5G48830 AT5G48970 
AT5G49030 AT5G49090 AT5G49100 AT5G49520 AT5G50360 AT5G50420 AT5G51190 AT5G51310 
AT5G51330 AT5G51340 AT5G51380 AT5G52060 AT5G52065 AT5G52090 AT5G52510 AT5G52980 
AT5G52990 AT5G53280 AT5G53370 AT5G53580 AT5G53760 AT5G53830 AT5G53920 AT5G54020 
AT5G54030 AT5G54300 AT5G54510 AT5G54530 AT5G54585 AT5G54840 AT5G54850 AT5G55020 
AT5G55120 AT5G55180 AT5G55540 AT5G55780 AT5G55800 AT5G55860 AT5G55920 AT5G56160 
AT5G56470 AT5G57050 AT5G57070 AT5G57785 AT5G57810 AT5G58070 AT5G58350 AT5G58530 
AT5G58610 AT5G58650 AT5G59000 AT5G59020 AT5G59400 AT5G59480 AT5G59900 AT5G59910 
AT5G60150 AT5G60170 AT5G60200 AT5G60680 AT5G60690 AT5G60840 AT5G60860 AT5G61750 
AT5G61820 AT5G61990 AT5G62220 AT5G62280 AT5G62290 AT5G62470 AT5G62910 AT5G63340 
AT5G63790 AT5G64250 AT5G64260 AT5G64340 AT5G64750 AT5G65100 AT5G65165 AT5G65260 
AT5G65270 AT5G65280 AT5G65290 AT5G65300 AT5G65305 AT5G65310 AT5G65420 AT5G65430 
AT5G65630 AT5G65683 AT5G65700 AT5G65920 AT5G66030 AT5G66130 AT5G66310 AT5G66580 
AT5G66590 AT5G66640 AT5G66675 AT5G66680 AT5G66820 AT5G66900 AT5G66910 AT5G67020 
AT5G67220 AT5G67230 AT5G67280 AT5G67290 AT5G67360 AT5G67410 AT5G67411 AT5G67620 
AT5G67630        
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Table S3-2. DNA primers used in this study 
Primer Name Sequence Usage 
query4F 5’  GTAACATCATCGCCGTCCAA  3’ 
query4R 5’  CCTCCAGGCCCACTTCTATC  3’ 
query34F 5’  GCCTATACGTCGAGTTGGAAAA  3’ 
query34R 5’  CAACGCATTTATGTTATTTGGAT  3’ 
query313F 5’  CCCAAAGAATATGGATGGTTACG  3’ 
query313R 5’  TGAGCGAGATCCGTTTGAGTAG  3’ 
query576F 5’  TCTTACCTTTTGCTGTCTCACTATC  3’ 
query576R 5’  GTTGGTGATTATGATATGCAGATG  3’ 
query636F 5’  AACGGTGTTGACCATTTGTTTT  3’ 
query636R 5’  TGTCTATGTCCCCACTTTCTGA  3’ 
query936F 5’  ACCCTAGATCGCTTTCTTCAGTG  3’ 
query936R 5’  GACCACCTTTACGAATGTTACCG  3’ 
query1012F 5’  TATAAAGTGCGTTAGTTTAGATGCC  3’ 
query1012R 5’  GCCGCTGATTCTTTGTTGTT  3’ 
query1271F 5’  TACAAGGATTCGGTGAAGAGGA  3’ 
query1271R 5’  TCGTAGTATTCGCCAAAGTTCC  3’ 
query1644F 5’  AAGAAATGGATGTGAGGGCAAG  3’ 
query1644R 5’  GTCCCATGAATGGCACTTGA  3’ 
Ta3ChIP-F 5’ GATTCTTACTGTAAAGAACATGGCATTGAGAGA 3’ 
Ta3ChIP-R 5’ TCCAAATTTCCTGAGGTGCTTGTAACC 3’ 
ChIP-PCR validation 
RBSS oligos 5’ TGGAGAAGAGGAGAGTGGGC(N)16CTCTTTTGCATTCTTC TTCGATTCCGGG 3’ 
RBSS-F 5’  TGGAGAAGAGGAGAGTGGGC 3’ 
RBSS-R 5’ CCCGGAATCGAAGAAGAATGCAAAAGAG 3’ 
RBSS assay 
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CHAPTER 4. GENERAL CONCLUSIONS 
 
BES1 is one of the major transcription factors that regulate gene expression in response to 
brassinosteroid signaling in Arabidopsis. BES1 gain-of-function mutation leads to 
constitutive BR responses with hundreds of genes either up-regulated or down-regulated. To 
understand how BES1 controls target gene expression, I looked into both BES1 partners and 
target sites that could modulate or mediate BES1 functions. 
To identify BES1 partners, we performed a yeast genetic screen, in which we found 
two jumonji domain-containing proteins, ELF6 and REF6, interacting with BES1. The 
interaction was confirmed by in vitro GST pull-down and in vivo BiFC assays and the 
interaction domains were mapped to the N-terminus of BES1 and the C-terminal part of 
ELF6 and REF6, respectively. Knocking out either ELF6 or REF6 in Arabidopsis resulted in 
BR-related phenotypes, such as impaired cell elongation in leaf petioles, which were 
consistent with the reduced expression of many BR-induced genes in these mutants. To 
further investigate the role of ELF6 and REF6 in transcription regulation, we focused on the 
JmjC domains, which served as the active sites for a number of Fe(II) and α-ketoglutarate 
dependent protein dioxygenases, including histone demethylases (1, 2). By ChIP, we showed 
that histone H3K9me3 modification was increased in the promoter of TCH4 in elf6 and ref6 
mutants. Since TCH4 was a direct target of BES1 and its expression was significantly 
decreased in elf6 and ref6 mutants, we concluded that ELF6 and REF6 were putative histone 
demethylases that removed methyl groups from H3K9me3. 
In order to understand how cis-DNA elements affect BES1 function, we 
systematically identified and characterized BES1 target sites in Arabidopsis. By ChIP-chip, 
we uncovered 1718 BES1 positive intervals in the entire genome, which were located in 
promoters and/or gene bodies of 1609 genes but mainly in the TSS-proximal regions. 149 
BES1 direct target genes could respond to BR stimuli in seedling and/or adult plants and 
among them transcription factors were highly enriched, suggesting that BES1 might initiate a 
hierarchical transcription regulation network to mediate BR responses. By de novo motif 
discovery study, we found that BES1 preferentially bound to the CACGTG motif to repress 
gene expression while to more diverse E-box elements to activate gene expression. In 
addition, BES1 binding regions were largely devoid of H3K27me3 modification but partially 
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associated with H3K9me3, which suggested the epigenetic context for BES1-regulated gene 
expression and agreed with our previous findings of ELF6 and REF6.  
These studies collectively provide several insights into the mechanisms of BES1-
regulated gene expression. First, cis-DNA elements may help determine the function of 
BES1. The degenerate E-box element (CANNTG) can have multiple subtypes depending on 
the central two nucleotides, which are predicted to own different biochemical properties 
when forming hydrogen bounds with BES1 and therefore likely to affect BES1 function. In 
our study, BES1 shows higher affinity to the CACGTG motif and, intriguingly, this motif is 
very dominant in BES1 binding regions of BR-repressed genes but not in BR-activated 
genes. Though there are no clues to directly link the higher binding affinity to gene 
repression, it is possible that binding CACGTG somehow changes the structure of BES1 and 
poises BES1 to recruit certain protein factors and cause gene repression. This can be an 
interesting question for future study. Other non-E box motifs can also modulate BES1 
functions through their cognate transcription factors. For example, the GAMYB binding site 
is found to be adjacent to BES1 binding sites in many instances. Considering the concept of 
enhanceosome, it is likely BES1 could form such a complex with other transcription factors 
to regulate gene expression cooperatively. Under such circumstances, BES1 might not 
always be a decisive component, which can help explain why only about one-tenth of BES1 
target genes are responsive to BR stimuli. 
Secondly, BES1-regulated gene expression is greatly influenced by histone 
modifications, especially H3K9me3 and H3K27me3. Both modification markers in 
Arabidopsis are distributed in euchromatic regions and exist in small domains (no longer 
than several genes) (3), indicating that they are important to regulation individual genes. 
Based on data from the chromosome 4 long arm, we can predict that about 40% of BES1 
target genes are regulated by H3K9me3 in the whole genome. Since H3K9me3 is deposited 
at the immediate promoter and transcribed region and keeps chromatin in the closed status (3, 
4), it is capable of repressing gene expression. When ELF6/REF6 are recruited to promoters 
by BES1 through direct protein-protein interaction, these two proteins then help remove 
methyl groups from H3K9me3 and allow transcription to start. On the other hand, when 
ELF6/REF6 are knocked out, H3K9me3 are increased and expression of target genes is 
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reduced, causing BR-related phenotypes. In contrast, BES1 binding regions are generally free 
of H3K27me3, which has been shown to associate with LHP1 to repress gene expression (5, 
6). It has been demonstrated that LHP1 is required for maintenance of the silenced state of 
FLC after vernalization (7) as well as another flowering-time gene FT and floral identity 
genes AG and AP3 (5). It is possible that LHP1 exerts its repressive effect by preventing 
transcription factors such as BES1 from binding to gene promoters. Because BRs and their 
target genes are active at various developmental stages while FLC and other flower homeotic 
genes undergo long-term repression, it is also tempting to propose that H3K9me3 usually 
participates in dynamic gene regulation but H3K27me3 is required for long-term repression. 
Lastly, BES1 appears to mediate BR responses at least partly by starting a 
transcription cascade. BES1 preferentially target transcription factors, which may help 
mediate BR responses. This model is supported by another piece of work in our lab, 
AtMYB30, which is activated by BES1 and collaborates with BES1 to regulate downstream 
gene expression. The model also facilitates explanation of the observation that only a small 
portion of BR-responsive genes are direct BES1 targets. Should other BES1-target 
transcription factors be proved to act in a similar way, we would be able to construct a 
hierarchical transcription regulation network downstream of BR signaling in Arabidopsis. 
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